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ACROSS 

1,  Typo  of  bacteria  that  hves  on 
inorganic  matter 

7.  Antimony 

8.  Envymo 

10.  Discoverer  of  specific  bacillus  Ol 
soft  chancre  (18891 

13.  Gram-negative  stain 

14  Discoverer  of  bacterial  agglutina* 
lion  (1896)  (in it  1 

15  Every  night 

16  Flesh  or  muscular  lisSUO 

19  Lanthanum 

70  Pertaining  to  the  ear 

22.  Tovoid-anMomn  mixture  (ab.) 

24  Common  animal  (or  in  v<vo  testing 

25.  Little  stream  (L  ) 

26 - gony  sexual  life  cycle  to 

Plasmodium 


27.  Spherical  bacteria 

30  Hydrogen  ion  concentration 

31  Mercury 

32  Eminent  Japanese  bacteriologist 
(18/6-19281  (inn  ; 

33  Type  of  (ats 

35  Egg  icomb  form) 

36  Firm  colloid 

37  Eflective  dose  (ab  ) 

38  Type  ol  bacterial  movement 
42  Type  of  fermentation  tubo 
43.  Toward  the  head 

DOWN 

1  Bacter.a  with  several  spirilla* 

2  Thrice  daily 

3  Cold-loving  bacteria 

4  Hemoglobin  (ab  I 

5.  Type  of  bacterial  pigment 


6  Changes  H.G  to  H  O  and  Oj 
9  Selenium 

IV  Gram-negative  bactericide 
12  Ribonucleic  acid 
1/  Baciii  ry  shape 
18  Mnemonic  for  colitorm  bacteria 
classification  test 
21  Indium 
23  Axioricisal  (ab  ) 

26  Relating  to  the  spleen  (comb# 

28  Gangosa 

29  Tabular  information  sheet 
34  Clear  animal  liquids 

36  Founder  of  Journal  of  Pathology 
and  Bacteriology  (init ) 

38  Bismuth 

39  Hydioxyl  radical 

40  Antitoxic  unit 

41  Neptunium 
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AIMS  AND  SCOPE 

Bacteriological  Renews  it  issued  quarterly  in  March,  June,  September,  and  December.  The 
four  numben  published  in  one  calendar  year  constitute  a  volurtv  The  subscription  pnce  ii  $4  00 
per  year  in  the  USA:  $4.25  per  year  in  Canada;  and  $4  SO  etaew.  ..e  Single  comes  when  available. 
Si. SO  in  the  USA;  Si. 73  elsewhere.  Mem  ben  of  the  American  Society  Tor  Micro  b*otogy  receive 
Bacteriological  Reviews  for  part  of  their  dues. 

Bacteriological  Reviews  U  published  by  the  American  Society  for  Microbiology  to  provide 
authoritative  critical  surveys  on  the  current  statui  of  vukgectt  and  problems  in  the  divene  Adds 
of  micratxaioay  and  cognate  disciplines,  such  as  immunology  and  genetics.  This  scope  includes 
the  occasional  short  monograph,  incorporating  and  summating  original  investigation*  of  such 
breadth  and  significance  that  they  would  lose  cogency  if  published  as  a  series  of  research  papers. 
BactertobtficaT Reviews  provides  opportunity  for  the  expert  to  interpret  his  special  knowledge 
for  the  benefit  of  the  main  body  of  microbiologtsts  Both  established  workers  and  students  just 
beginning  research  perforce  depend  increasingly  on  compendia  for  knowledge  of  progress  outside 
the  scope  of  their  training  and  research  interests 

A  rational,  balanced,  interpretive  development  of  the  topic  is  preferred  to  a  chronological 
treatment.  Old  history,  if  any,  usually  can  be  covered  simply  by  reference  to  earlier  reviews  A 
mere  compilation  or  annotated  bibliography  docs  no*  adequately  serve  the  objectives  of  this 
journal.  Judicious  selection  of  references  is  an  important  function  of  the  reviewer  and  should 
constitute  the  first  step  in  composition  of  a  review.  Personal  views  of  authors  may  be  presented 
at  perspectives  or  test  hypotheses  Suggestions  of  topics  and  potential  reviewers  are  inv-ted,  even 
if  ine  correspondent  does  not  consider  the  preparation  of  a  review  himself. 

INFORMATION  FOR  CONTRIBUTORS 
Cormpondenc e  relating  to  editorial  matters  should  be  mkt rested  to  the  Editor 

Erwin  Netcr 

State  University  of  New  York  at  Buffalo  and  Children’s  Hospital 
219  Bryant  Street 
Buffalo,  New  York  14222 

Manuscripts  and  associated  material  should  be  tent  in  duplicate  by  first-class  mail  in  fiat  form, 
not  folded  or  rolled.  Bacteriological  Reviews  cannot  assume  responsibility  for  manuscripts. 

Prospective  authors  arc  invited  to  discuss  with  the  Editor  the  suitability  of  their  proposed 
essays.  Submittal  of  a  synopsis  or  topical  outline  for  an  advisory  opinion  it  recommended,  for 
it  often  di'its  vt  ble  constructive  suggestions  from  editorial  consultants.  The  acceptabilityof 
■  review  umnot,  i  course,  be  finally  decided  until  the  finished  product  hat  been  examined.  The 
length  of  a  p-per  is  no  measure  of  its  quality,  and  it  is  only  the  letter  that  determine*  acceptability 
for  publication.  However,  practical  considerations  make  it  desirable  to  set  a  provisional  Emit  of 
13  to  23  printed  pages  for  •  review  nest,  tables,  figures,  and  references  included;  about  630  to 
700  word*  of  text  or  23  references  per  page).  References  should  be  limited  proportionately  to 
not  more  than  100  to  130.  A  short  monograph  must  come  within  the  sire  of  a  single  issue.  Re¬ 
prints  are  sold  to  contributors  at  cost;  a  reprint -order  blank  is  sent  with  proof. 

The  editorial  style  of  Bacteriological  Reviews  conforms  to  the  Style  Manual  for  Biological 
Journals  (American  Institute  of  BtoiogicaJ  Sciences,  2000  P  Street,  N.W.,  Washington,  DC.; 
13.00).  except  for  the  following  qualifications.  Author  abstracts  are  not  used.  References  should 
be  listed  alphabetically  according  to  the  last  name  of  the  senior  author,  numbered  serially,  and 
cited  by  number  in  the  text.  A  table  of  contents  showing  the  major  headings,  major  subheadings, 
and  minor  subheadings  of  the  text  it  usually  desirable;  consult  recent  issues  of  Bacteriological 
Reviews  for  styling.  Instructions  to  authors  published  in  the  Journal  of  Bacteriology  apply  also 
lo  manuscripts  submilted  to  Bsteirriobgical  Reviews. 

Experience  shows  that  the  following  matters  need  special  emphasis  because  they  are  fre¬ 
quently  ignored  by  authors.  To  expedite  editorial  review  and  preparation  for  the  printers,  submit 
two  copies  of  manuscript,  including  iUuxt  rations.  Submittal  of  original  drawings,  not  larger  than 
8,4  x  II  indict,  is  encouraged;  elossv  prints  are  suitable,  not  huger  than  84  x  II  indies  and 
preferably  not  smaller  than  3x7  inches.  Where  appropriate,  magnification  should  be  indicated 
by  a  suitabfc  scale  on  the  photograph.  Double  space  everything,  including  quotations,  tables, 
legends  for  text  figures,  and  references.  This  is  essential  to  allow  space  for  correction*  and  printer’s 
instructions.  Check  each  reference  cited  with  the  original  publication;  be  sure  to  include  titles 
and  both  first  and  Inst  pages.  Avoid  references  to  unpublished  data  and  personal  communication, 
if  unavoidable,  use  here  citations  in  the  text  only,  not  in  the  list  of  references  It  is  preferable 
to  summarise  the  supporting  evidence  wherever  possible  It  is  the  author's  responsibility  to  ob¬ 
tain  permission  from  the  copyright  owner  to  reproduce  figures,  tables,  or  quotations  of  more 
than  12  tine*  of  text  taken  intact  from  previous  publications,  cither  his  own  or  those  of  another 
author.  Note  that  as  a  rule  the  journal  or  publisher  ( not  the  editor  or  author)  is  the  copyright 
owner;  however,  as  a  matter  of  courier  the  author’*  permission  should  be  obtained  as  well 
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Why  is  it  easier  to  work  with  flask  B? 


Because  it's  corid  with  Silklad, 
the  soluble  silicone  that  1W1  liq¬ 
uids,  makes  cleaning  easier  and 
(aster,  and  prevents  sticking  of  rub¬ 
ber  or  glass  stoppers.  And  SilicUd 
significantly  reduces  glassware  break¬ 
age.  Glassware  coated  with  Silklad 
resists  surface  scratches,  the  major 
cause  of  breakage. 

Easier  in  the  laboratory 
Siliclad-treated  surfaces  repel 
water,  blood,  mucus,  and  moat  or¬ 
ganic  materials.  With  the  use  of 
Silidad  blood  clotting  is  reduced, 
more  dear  serum  is  obtained,  and 
test  hemolysis  it  found.  More  accu¬ 
rate  determinations  are  possible  be¬ 
cause  treated  cylinders  and  pipettes 
deliver  full  content,  dn  not  retain 
droplets  *  Siliclid  esn  also  be  used 
to  lubritare  glass  stoppers  to  prevent 
fusing,  to  coat  glass  apparatus  to  pre¬ 
vent  meniscus  formation  in  fluids,  to 
prevent  (reeling  of  glass  plungers  in 
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hypodermic  syringes,  and  to  prevent 
violent  chemical  foaming  reactions  1 
Easier  in  the  hospital 

In  the  Hospital,  Silidad  can  be 
used  to  rreat  cubing  and  catheters . . . 
needles  for  I.V.  applications . . .  I.V. 
sets  . .  .  replacement-transfusion  sen 
...blood  reconditioning  apparatus... 
artificial  kidneys.  In  ciiest  drainage 
tubes,  silicone-mated  tubes  maintain 
patency  and  make  drainage  failure  a 
rarity  . . .  add  to  (be  case  and  safety 
of  postoperative  care.*  Patients  have 
found  Siliclad-treated  tubing  far 
more  comfortable  than  untreated 
tubing  . . .  less  irritating  to  mucosa.* 
Hospital  equipment  treated  with 
Silklad  is  much  easier  to  deers  after 
use*  Silklad  added  to  sterilising 
solutions  prevents  dulling  of  sharp 
instruments  and  wear  and  tear  of 
movable  parts.* 

Siliclad-treated  surfaces  resist  heat, 
moisture,  and  most  common  chemi¬ 
cals.  Use  it  for  netting  ceramic, 
metal,  and  plastic  surfaces  and  also 
for  glass  and  rubber.  Silidad  coating 
resists  extreme  temperature  changes 
and  oxidslion.  It  is  noatoxic  to 
body  tissues. 

Silidad.  when  diluted  with  ordi¬ 
nary  up  water,  makes  2)  pints  of 
solution 

• Mott •  Silidad  should  not  be  used 
fur  glass  items  which  depend  on 
capillary  action  or  adhesion  to  per¬ 
form  propel  ly. 
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CHEMAP  and  PEC 
CONTINUOUS  BENCH  j 
and  PLANT  FERMENTORS. 

CHEMOSTAT1C  DESIGN 

Hifhly  reliable,  with  extensive  control  systems 
end  wide  choice  of  agitational  and  acral  inn  *va  , 
lema  (aa  described  by  l)r.  A.  Fierhtert  Allows  1 
batch  nr  cuntinumia  sterile  cultivation  of  micro- 
nrianieiM  over  Ion*  periods  of  time.  Includes 
temperature  pH  control,  recorders,  foam  control, 
air  flow  control,  variable  speed;  other  (ontrola  : 
easily  added.  Available  in  bench,  pilot  and  full 
plant  aiie-  Bench  Ferment  ore  designed  tor  la* 
pleas  sterilisation. 

pH  and  REDOX 
GLASS  ELECTRODES 

(Infold  deafen) 

Will  withstand  many  repeated  sterilisations  to 
IWC..  pressures  to  3d  psig  .  .  .  for  pH  and  Hedoa 
readings;  special  designs  fur  high  temperature  and 
elevated  pressure  service.  K(1  leach  is  negligible. 
Design  will  give  long  and  reliable  service. 

THE  VIBROMIXER  j 

System  I 


oxidases 
and  related 
redox  systems 


Proceeding*  of  a  Symposium 
held  in  A mherst,  Massachu¬ 
setts,  July  IS-19,  1964 

In  Two  Volumes 
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The  International  Symposaum  on  Oxidases 
and  R  da  tad  Oxidation-Reduction  Systems 
brought  together  the  worid  i  leading  authoi  itiet 
on  oxydases  and  the  rriatad  cruyme  systems 
that  catalyze  reactions  involving  oxygen  They 
ware  encouraged  to  syntheetze  their  contnhu- 
uom.  to  point  out  the  major  problems,  and  to 
speculate  on  poaaiNc  solutions. 

The  subset -matter  ranges  from  the  funds - 
m*"<N,ch«"»lry  of  oxygen  to  the  highly  or¬ 
ganized  uihcdlular  particulates  containing  the 
enzyme  systems  that  catalyze  the  cellular  reac 
non*  of  oxygen  The  article*  are  arranged  ac¬ 
cording  to  inc  -casing  complexity  of  the  system 
under  study. 


Nun-rotary  mixer  for  foamlaaa  agitation  of  protein 
solutions,  acceleration  of  osmosis,  and  ultrafill  ra¬ 
tion.  Very  suitable  for  sailing  up  quick  and  inex¬ 
pensive  bench  fermentore.  Many  attachments 
available  for  cell  grinding,  spraying,  pumping,  etc. 
Simple  closed  system  without  rotary  seals  .  .  . 
nearly  ahearieea  agitation  for  tissue  culture.  No 
Mercury  aeala  or  slutting  taxes  required.  Auto- 
claveable  membrane  seals  maintain  sterility. 
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Most  brands  of  microscopes  promise  quality  ...  But  UNITRON  really  dilivara  it. 

Some  other  brands  Imply  economy  .  . .  UNITRON  proves  it  .  .  .  check  our  prices! 

,  A  few  others  claim  both  quality  and  economy  , . .  But  UNITRON  is  the  brand  that  guarantees  both. 
»  ^3t’s  more-  ^is  guaranteed  UNITRON  quality  and  economy  are  offered  in  a  comolete 

orignttieid,  darkheld,  and  phase  con.rast  models  .  .  .  monocular  or  binocular  .  tamiliar 
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operation,  versatility,  lab-proven  ruggedness  and  guaranteed  performance.  All  of  these  are  iust 
routine,  normal  advantages  that  customers  have  learned  to  expect  when  they  specify  UNITfioN 
Microscopes  —  plus  attractive  prices  which  are  so  easy  on  your  budget  *  P  X  U 
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UNOPETTE 

disposable  bleed  eollectiai  and 
dilotini  pipette 

Provides  everything  needed  for 
rapid,  accurate  blood  collection 
and  dilution.  Glass  capillary  auto¬ 
matically  fills  with  precise 
amount  of  blood.  The  UNOPETTE 
system  adapts  to  hematological 
cell  counts-manual  or  electronic 
-and  to  biochemical  procedures. 


MICROLANCE 

Sterile  Disposable  Stood  Lancet 

Exceptionally  sharp  point  and 
unique  "gape”  incision  avoid  pre¬ 
mature  closure,  assure  easy  pene¬ 
tration  and  adequate  blood  flow 
with  minimal  dilution  by  tissue 
fluid.  Available  with  either  stan¬ 
dard  or  new  longer  point  for  in¬ 
fants'  heels  or  calloused  fingers. 
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BLOOD  TEST  CARD 

far  ABO,  Rho  (0)  bleed  grouping 


The  most  efficient  and  economical 
way  of  screening  for  blood  groups 
and  major  Rh  factor— reduces  pro¬ 
cedure  to  an  easy  routine.  Dried, 
stabilized  reagents  on  card  meet 
all  NIH  requirements  for  avidity, 
specificity  and  titer.  Reacted  card 
is  a  permanent  filing  record. 
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Foreword 


The  meeting  termed  the  First  International  Conference  on  Aerobiology  was  held 
in  October  1963  on  the  campus  of  the  University  of  California  at  Berkeley  and  was 
cosponsored  by  the  Naval  Biological  Laboratory  and  the  University  of  California. 

The  proceedings  were  published  by  the  Naval  Biological  Laboratory  as  A  Sympo¬ 
sium  on  Aerobiology,  1963.  Prior  to  this  conference,  however,  the  “key”  conference 
which  actually  originated  the  series  was  held  in  December  1960  at  Miami  Beach, 
sponsored  by  the  National  Research  Council  with  support  from  the  National  In¬ 
stitutes  of  Health  and  the  U.S.  Army  Biological  Laboratories.  The  proceedings  were 
published  as  the  September  1961  issue  of  Bacteriological  Reviews.  The  present 
Second  International  Conference  on  Aerobiology  continues  the  series  of  reports 
and  discussions  related  to  recent  investigations  in  aerobiological  fields. 

Since  the  Berkeley  conference,  research  in  airborne  infection  has  been  stimu¬ 
lated  by  the  problems  arising  from  the  increasing  concentrations  of  military  recruits 
in  the  various  training  centers.  This,  in  turn,  has  caused  an  increase  in  research  in 
aerobiology  in  general  in  order  to  provide  information  relating  to  the  basic  param¬ 
eters  of  biological  aerosols  and  to  develop  or  improve  the  technology  for  such  in¬ 
vestigations.  This  interest  will  certainly  continue,  and  conferences  of  this  type  can  be 
anticipated  at  roughly  3-year  intervals. 

The  Program  Committee  is  indebted  to  the  Session  Chairmen  for  their  time  and 
competence  and  to  many  individuals  from  the  U.S.  Army  Biological  Laboratories 
and  the  Illinois  Institute  of  Technology  Research  Institute  for  their  willing  efforts  in 
arranging  and  conducting  the  conference. 

El  wood  K.  Wolfs 
General  Chairman 
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Airborne  Infections — the  Past  and  the  Future1 

MARRY  F.  DOWLING 

Department  of  Medicine,  University  of  Illinois  College  of  Medicine,  Chicago,  Illinois 


Ebb  and  flow  is  as  characteristic  of  research  as 
of  other  activities  of  man.  The  transmission  of 
infections  through  the  air  is  a  good  example.  In¬ 
terest  in  airborne  infections  has  had  three  flood 
tides  in  the  past  four  centuries.  The  first  was  a  long 
one.  We  can  trace  its  beginning  to  1346,  when 
Fracastorius  published  his  theory  of  contagion 
and  explained  that  transmission  of  infections 
might  occur  by  simple  contact,  by  indirect  con¬ 
tact,  or  by  transmission  from  a  distance.  From 
that  time  on,  the  concept  of  airborne  disease  cap¬ 
tured  men’s  minds.  “This  most  excellent  canopy, 
the  air,”  says  Hamlet,  “why  it  appearath  nothing 
to  me  but  a  foul  and  pestilent  congregation  of 
vapors."  Hence,  in  times  of  epidemics  the  air  was 
filled  with  the  smoke  of  sulfur,  camphor,  tar,  or 
pitch,  and  people  religiously  shut  out  the  night 
air,  walked  away  from  noisome  smells,  or,  if  they 
couldn't  avoid  them,  held  pcrftuned  kerchiefs  to 
their  noses. 

The  idea  that  diseases  were  spread  by  bad  air 
(i.c.,  malaria)  or  by  the  influence  (i.e.,  influenza) 
of  planets,  carried  through  the  air,  was  too  simple 
and  naive  an  explanation.  It  was  eventually  dis¬ 
credited  be  cause  attempts  to  apply  it  failed  to  stop 
the  spread  of  infections.  By  the  middle  of  the  19th 
century,  it  had  been  almost  completely  discarded 
by  the  medical  profession  (1).  Pasteur’s  demon¬ 
stration  in  1861  that  bacteria  were  consistently 
present  in  the  unsterilized  air  and  Lister’s  report 
in  1867  of  the  control  of  suppuration  of  wounds 
by  measures  which  included  a  phenol  spray  should 
have  stimulated  everyone  to  vigorous  attempts  to 
control  airborne  infections.  But  this  did  not 
happen— for  several  reasons.  For  one  thing,  as  I 
have  said,  all  of  the  measures  that  could  be  con¬ 
ceived  for  limiting  the  spread  of  infection  hy  «ir 
had  already  been  tried  and  had  failed.  Also,  it 
became  evident  to  those  surgeons  who  studied 
Lister's  techniques  carefully  (rather  than  oppos¬ 
ing  them  violently  or  aping  them  completely,  as 
most  did),  that  his  method  owed  its  success  mainly 
to  the  suppression  of  contact  infections.  This  was 
verified  when  Macewen  about  1880  successfully 
used  instruments  and  dressings  sterilized  by  boil¬ 
ing  and  discarded  the  phenol  spray.  Finally,  other 
public  health  measures  had  been  successful  and 
here,  as  elsewhere,  nothing  succeeds  like  success. 
To  understand  this,  let  us  try  to  picture  sanitary 


conditions  in  our  cities  around  1830.  As  Rosen¬ 
berg  (3)  so  aptly  put  it: 

“A  standing  joke  maintained  that  dty 
water  was  far  better  than  any  other,  since 
it  served  as  a  purgative  as  well  as  for 
washing  and  cooking.  Most  people  were 
sensible  enough  not  to  drink  it,  except 
when  forced  by  poverty  or  betrayed 
through  inadvertence.” 

And  Coleridge  exclaimed, 

“I  counted  two  and  seventy  stenches 
All  well  defined,  and  several  stinks 


The  river  Rhine,  it  is  well  known, 

Doth  wash  your  city  of  Cologne; 

But  tell  me,  nymphs!  what  power  divine 
Shall  henceforth  wash  the  river  Rhine?” 

Since  filth  and  putrescence  were  associated  with 
disease  in  people’s  minds,  the  campaign  for  dean 
water  gathered  momentum.  Paralleling  this  was 
the  concept  that  fevers  resulted  from  noxious 
exhalations  from  putrid  animal  and  vegetable 
matter.  Hence,  methods  for  disposing  ot  waste 
and  sewage  were  developed  gradually  during  the 
last  half  of  the  19th  century.  The  results  were  ap¬ 
parent  in  the  dramatic  drop  in  the  mortality  and 
morbidity  from  water-borne  and  insect -borne  dis¬ 
eases  at  the  turn  of  the  century. 

The  emphasis,  therefore,  was  on  spread  by  the 
fecal-oral  route  and  by  direct  contact.  Airborne 
infections  were  too  hard  to  understand,  end  tech¬ 
niques  for  their  control  were  too  complex.  So 
matters  stood  at  the  end  of  World  War  I.  Soon 
thereafter,  a  second  wave  of  interest  in  airborne 
infections  developed. 

In  1917,  Stillman  (6)  reported  that  he  had  cul¬ 
tured  types  I  and  II  pneumococci  in  dust  collected 
from  homes  of  patients  with  pneumonia  caused  by 
the  same  types.  He  was  able  to  grow  microorgan¬ 
isms  firm  the  lungs  of  mice  after  exposure  to  a 
mist  containing  pneumococci  (7),  and  he  also  pro¬ 
duced  pneumonia  with  these  mists  after  partially 
immunizing  mice  and  depressing  them  with  al¬ 
cohol  (8).  Branch  and  Stillman  (2)  also  reported 
that  pneumonia  was  produced  in  mice  by  the 
inhalation  of  /3-hemolytic  streptococci  and  Kleb¬ 
siella.  These  observations  were  soon  overshad¬ 
owed  by  other  studies  in  animals  of  pneumonia 
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produced  by  the  installation  of  bacteria,  especially 
the  experiments  of  Robertson  and  his  associates 
(4)  on  dogs,  which  extended  over  a  number  of 
yeera  and  added  greatly  to  our  knowledge  of  the 
pathogenesis  of,  and  immunity  from,  pneumo¬ 
coccal  pneumonia.  Valuable  as  these  latter  studies 
were,  they  diverted  interest  away  from  the  produc¬ 
tion  of  pneumonia  by  inhalation,  since  intra- 
bronchia!  instillation  was  simpler  and  surer. 
Furthermore,  the  control  of  pneumonia  took  a 
hopeful  turn  in  another  direction;  good  results 
were  obtained  from  serum  therapy,  followed  by 
the  greater  successes  of  sulfonamides  and  antibi¬ 
otics.  Thus,  the  second  wave  of  interest  in  air¬ 
borne  infections  petered  out.  But  the  third  wave 
was  already  forming. 

In  1934,  Well*  introduced  the  concept  of  drop 
let  nuclei  (9)  and  followed  this  with  a  series  of 
theoretical  and  applied  experiments  which  broke 
the  logjam  and  released  a  new  flood  of  investiga¬ 
tions.  These  in  vest  jettons  were  reinforced  by  the 
rising  interest  in  the  spread  of  streptococcal  infec¬ 
tions  in  army  barracks  and  of  staphylococcal  in¬ 
fections  in  hospitals,  in  the  dissemination  of  viral 
and  Aingal  infections,  and  Anally  in  the  chemical 
pollution  of  the  atmosphere.  Today  we  are  on 
the  crest  of  this  wave  of  interest.  Let  us  look  at 
where  we  are  and  where  we  are  travelling.  To  start 
with  the  sources  of  airborne  infections,  many 
studies  have  been  made  with  sick  and  well  per¬ 
sons  as  sources,  but  we  still  are  not  always  sure 
where  the  microorganisms  originate  in  the  person 
who  disseminates  them  and  how  they  become  dis¬ 
persed  in  the  air.  What  is  the  relative  role  of  the 
upper  and  tower  respiratory  tract  and  of  the 
skin?  Some  people  spread  streptococci  and 
staphylococci  more  readily  than  others.  We  do  not 
aways  know  why. 

Studies  have  been  made  on  the  environment  as 
a  source  of  infection.  These  have  been  especially 
productive  in  relation  to  fungi.  On  the  other  hand, 
the  princmles  by  which  infections  are  spread  in 
the  dust  of  rooms  are  only  partially  comp  re 
bended. 

Studies  have  been  made  on  the  transmission  of 
infection  and  the  rok  of  droplet  nuclei  and  other 
small  particles  in  the  spread  of  various  diseases, 
and  great  progress  has  been  nude  in  this  area.  I 
should  like  to  suggest  that  such  studies  should  not 
neglect  the  effect  of  temperature  and  humidity  on 
microorganisms  while  they  are  in  the  air.  For  in¬ 
stance,  we  still  have  no  idea  why  the  common  cold 
is  more  prevalent  in  the  colder  months.  From 
experiments  which  my  associates  and  I  reported 
(3),  it  appears  that  the  explanation  does  not  lie  in 
the  chilling  of  the  recipient.  Does  the  virus  re¬ 
main  alive  longer  in  cold  weather,  or  in  hot  dry 
buildings?  Or  is  crowding  of  people  in  the  winter 


months  the  sole  explanation?  Finally,  with  regard 
to  the  relationship  of  microorganisms  and  chemi¬ 
cals  in  the  air,  studies  have  been  made  on  chemi¬ 
cals  which  will  prevent  the  spread  of  bacteria  in 
the  air,  and  some  promising  results  have  been  ob¬ 
tained  with  the  glycols.  On  the  other  hand,  we  are 
at  present  far  from  knowing  whether  air  pollution 
augments  airborne  infection,  and,  if  so,  how. 

A  great  deal  more  attention  can  be  directed 
toward  the  recipient.  We  have  a  good  idea  how 
far  microorganisms  go  into  the  lung  during  in¬ 
halation  and  how  this  is  affected  by  panicle  viz*. 
We  are  studying  the  role  of  the  mucus  sheath,  the 
cilia,  phagocytosis,  and  local  immunity,  but  we 
have  only  scratched  the  surface  so  far.  Techniques 
are  at  hand  with  which  to  dig  a  great  deal  deeper, 
and  many  of  them  will  be  reported  on  in  this  Con¬ 
ference.  The  isolation  of  many  of  the  respiratory 
viruses  and  extensive  experience  with  the  pro¬ 
duction  of  viral  infections  in  volunteers  makes  it 
possible,  for  instance,  to  study  dissemination, 
spread,  and  inception  of  airborne  infections  in 
man,  something  that  we  could  not  safely  do  with 
bacteria  or  ftmgi.  Also,  the  rapid  multiplication  of 
antibiotics  enables  us  to  try  to  stop  hacteria  from 
growing  in  air  passages  even  after  they  have  ar¬ 
rived  in  large  numbers  through  the  air 

Finally,  there  is  the  control  of  airborne  infec¬ 
tions.  Because  earlier  attempts  to  prevent  these 
infections  by  ultraviolet  light  and  chemical  dis¬ 
infection  were  not  uniformly  successful,  the  at¬ 
mosphere  in  a  roomful  of  investipitors  of  respira¬ 
tory  infections  seems  itself  to  he  infected  with 
pessimism.  Need  this  he  so?  The  technology  of 
ventilation  is  advancing  all  the  time,  and  increas¬ 
ing  numbers  of  people  are  living  the  year  around 
in  artificial  atmospheres  which  eagerly  wait  for 
someone  to  make  them  nearly  germ  free.  Besides, 
we  have  failed  to  capitalize  on  one  strong  force, 
the  increasing  chemical  pollution  of  the  air  we 
breathe.  I  remember  as  a  boy  seeing  a  performer 
in  a  circus  dive  into  a  glass  tank  and  eat  a  banana 
under  water.  I  was  horrified  to  think  that  he  was 
eating  food  that  was  coated  with  the  bacteria  he 
carried  with  him  every  time  he  dived  in.  And  yet, 
we  are  not  doing  anything  different  in  breathing 
air  contaminated  with  bacteria.  Air  in  a  crowded 
room  may  be  as  contaminated  as  water  in  the 
average  farm-pond.  But  just  as  our  ancestors  paid 
no  attention  to  the  water  so  long  as  it  looked 
clear,  so  the  public  pays  no  attention  to  the  air 
when  it  seems  pure.  Now  that  the  stench  and  the 
irritation  from  chemical  wastes  are  becoming 
daily  more  obnoxious,  can  we  not  mobilize  inter¬ 
est  in  cleansing  the  air?  And  just  us  ridding  the 
water  of  foul  tastes  was  the  beginning  of  purifying 
it  of  hacteria,  so  we  may  succeed  in  doing  both  to 
the  air. 
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What  would  happen  to  our  immunity  if  we 
breathed  in  no  microorganisms  year  in  and  year 
out'  We  know  the  answer  from  bitter  experience 
with  measles  in  isolated  populations  or  with  polio¬ 
myelitis  in  the  more  advanced  countries.  To  keep 
up  our  protection  we  will  have  to  vaccinate.  But 
how  can  we  immunize  against  the  hundreds  of 
bacteria  and  viruses,  to  which  people  now  develop 
enough  immunity  to  produce  a  tolerable  equi¬ 
librium?  Perhaps  it  can  be  done  by  isolating  the 
purified  antigens  and  combining  them  in  feasible 
doses  for  injection.  But  it  will  take  a  long  time  to 
find  these  antigens,  and  it  is  by  no  means  certain 
that  we  can  prepare  all  the  vaccine  necessary  or 
persuade  the  people  to  take  them  if  we  do.  This  is 
when  immunisation  by  inhalation  conies  in.  The 
pioneer  studies  of  vaccination  against  tetanus  and 
tularemia  have  shown  the  way,  but  to  my  mind 
this  subject  has  not  received  nearly  the  attention 
that  is  its  due.  The  methods  of  inhalation  have 
been  perfected;  the  bacteria  and  moat  of  the  vi¬ 
ruses  have  been  isolated;  now  the  time  is  ripe  to 
extend  the  few  studies  that  have  been  made.  One 
might  even  visualize,  a  few  years  from  now,  school 
children  and  office  workers  receiving  their  im¬ 
munizations  without  fUss  or  discomfort  white  they 
are  sitting  at  their  desks  going  about  their  regular 
work,  or,  alternatively,  inhalo^ mobiles  that  would 
park  outside  a  school,  an  office  building,  or  a 
shopping  center,  attracting  people  inside  for  their 
inhalations  much  as  X  rays  for  tuberculosis  are 
taken  nowadays. 

What  1  have  just  said  may  sound  grandiose,  but 
I  am  using  this  picture  deliberately  to  point  up  the 
main  theme  of  my  discussion.  We  have  had  earlier 
waves  of  interest  in  airborne  diseases,  but  they 
have  died  out  because  other  methods  of  control 
of  infections  were  more  successful  and  because 
adequate  techniques  were  not  at  hand  to  study 
and  control  infections  transmitted  through  the 
air.  As  a  result,  control  of  contact  infections  and 
of  food-borne,  insect-borne,  and  water-borne 
infections  is  far  ahead  of  control  of  airborne  in¬ 


fection.  But  the  present  wave  o!  interest  is  high, 
and  the  techniques  are  at  hand.  To  paraphrase 
Brutus, 

"There  is  a  tide  in  th'  pursuit  of 
knowledge, 

Which,  taken  at  the  flood,  will  bring 
success. 

On  such  a  sea  are  we  now  afloat 
And  we  can  take  the  measures  at  our 
hand 

And  win  our  ventures." 
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Introduction 

Perhaps  tha  most  striking  finding  in  relation  to 
the  antibacterial  activity  in  tha  .-mpfeatory  system 
it  the  sterility  of  the  bronchopulmonary  apparatus 
from  the  primary  bronchi  downward.  That  these 
structures  are  ordinarily  ttcriie,  despite  the 
continuous  entry  of  droplet  nuclei  containing 
bacteria,  has  been  known  for  more  then  30  years 
(3).  The  mechanism  by  which  the  bronchopulmo¬ 
nary  tree  retains  its  sterility  under  ordinary 
circumstances  is  just  beginning  to  be  understood. 

Our  attention  was  drawn  to  tha  problem  by  the 
considerations  that  IT,  in  fact,  the  bronchopulmo¬ 
nary  tree  were  normally  sterile,  and  if  in  chronic 
bronchitis  the  lower  bronchial  secretions  were 
ordinarily  heavily  populated  with  bacteria,  there 
might  be  a  basis  for  in' estiga  ling  the  pathogenesis 
of  chronic  bronchopulmonary  infections  from  the 
standpoint  of  breakdown  of  mechanism  of  local 
antibacterial  activity.  Initial  investigations,  there¬ 
fore,  were  directed  toward  the  study  of  the  bac¬ 
teriological  flora  of  the  bronchopulmonary  secre¬ 
tions,  with  the  use  of  extreme  precautions  to  avoid 
contamination  of  the  cultured  material  by  bac¬ 
teria  coming  from  the  upper  respiratory  passages. 
These  studies  (10)  confirmed  earlier  observations 
(I,  11)  that  bacteria  were  rarely  found  in  the 
bronchopulmonary  secretions  unless  there  was 
manifest  inflammation  or  exudation.  By  the  same 
token,  when  such  exudation  was  found,  the 
bacteria  tended  to  be  present  in  large  numbers 
(>  10*  colonies  per  milliliter  of  secretion),  and 
often  the  bacteria  in  the  bronchial  secretions  were 

1  Fellow  of  the  American  Thoracic  Society ,  Na¬ 
tional  Tuberculosis  Association 


not  adequately  represented  in  cultures  of  the 
sputum. 

The  present  review  is  not  intended  as  a  detailed 
discussion  of  the  implications  of  these  findings  in 
terms  of  bacteriological  interpretation  of  cultures 
arising  from  the  bronchopulmonary  apparatus. 
Instead,  attention  will  be  directed  toward  the 
implication  that  the  failure  to  find  bacteria  could 
be  explained  primarily  oi  the  basis  of  continued 
activity  of  a  potent  local  antibacterial  mechanism. 
That  such  a  mechanism  exists  has  been  indicated 
by  numerous  studies  in  the  past.  For  example, 
Stillman  (16),  working  with  pneumococci  that 
had  been  instilled  into  the  bronchi  of  mice,  ob¬ 
served  that  the  majority  of  these  organisms  were 
made  non  viable  by  the  hmg  shortly  after  instilla¬ 
tion.  Lurie,  in  his  classic  experiments  on  the  fate 
of  aerosolized  tubercle  bacilli,  observed  that  as 
many  as  100  organisms  needed  to  be  inhaled  to 
set  up  one  tubercle,  even  in  genetically  h  ghly 
susceptible  rabbits,  and  one  or  two  orders  of 
magnitude  more  bacteria  were  required  to  be  in¬ 
haled  to  produce  a  tubercle  in  genetically  more 
resistant  strains  of  rabbit  (12).  It  was  apparent, 
then,  that  the  overwhelming  majority  of  the 
inhaled  bacteria  were  being  killed  in  some  manner 
after  inhalation. 

Bacterial  Clearance  in  the  Normal  Luno 

To  study  the  phenomenon  of  local  killing  in  the 
lung,  an  aerosol  apparatus  was  constructed  out  of 
simple  and  relatively  inexpensive  materials  (8). 
The  apparatus  delivered  more  than  85*7  of  its 
particles  in  the  form  of  nuclei  between  1  and  3  a  in 
diameter,  and,  in  detailed  studies  of  the  function 
of  the  apparatus,  it  was  found  that  a  set  of  stand- 
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Fki.  I .  Disappearing  e  of  Staphylococcus  aureus  from  the  Inns  of  mire  after  administration  by  aerosol.  The  rapid 
disappearance  and  small  standard  dr  stations  are  especially  noteworthy.  i  He  printed  from  reference  8.) 


Fkj.  2.  bungs  of  mice  taken  4  hr  afitr  exposure  to  aerosols  containing  Staphylococcus  awe,.  \  The  sections  hare 
hern  stained  with  antibody  to  the  Staphylococcus  by  use  of ftaoresceitt-labeled  anttbods ,  in  acnmlanre  with  methods 
gixen  in  referent  e  IS  Note  the  intense  staining  of  bacterial  antigen  in  some  cells  lining  the  alxcoh  In  «  few  instances, 
discrete  cocrtsl  bodies  can  also  be  seen. 
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1-k>  J.  Section  of  mouse  lung  ■mmntmtely  after  iO  min  of  c\p-nurr  to  aerosol  of  Staph} locoes as  aureus  slaioeJ 
hy  A/»  a/tum  CnaJpas lure  stain.  X  IJOi)  In  the  upper  photograph,  staphyloma t  appear  to  Hare  hern  ingesto.l  by 
an  o/ir.Atr  septal  cHI  la  the  lower,  siophyloiwci  may  he  in  a  rti.snonuciear  mayo-phage  in  '.he  aJtcolur  sept  am  see 
reference  fr' 
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Fig.  4,  Clrarmnrr  of  P*-lahe4rJ  Kmnkylorcerus 
unrrus  anj  Proteus  miruMlu  from  monne  long,  Jhe 
thunre  In  number  of  viable  organisms  is  <  amparnl  r.  th 
the  change  In  rathoudlvih  In  the  long  (4). 

ardized  conditions  could  be  obtained  whereby  a 
suspension  of  staphylococci  could  be  delivered 
into  the  chamber  in  sufficient  concentration  that 
mice  exposed  to  the  aerosol  for  JO  min  and 
sacrificed  immediately  thereafter  were  found  to 
contain  in  their  lungs  approximately  $0,000  viable 
units  of  staphs locoes  i  capable  of  producing 
colonies.  When  the  lungs  were  cultured  at  regular 
intervals  after  exposure  to  the  aerosol,  the  bacteria 
were  found  to  have  become  nonviaWe  in  expo¬ 
nential  fashion,  so  that  within  4  hr  approximately 
P5*  r  of  the  bacteria  could  no  longer  be  detected, 
and  within  6  hr  all  but  a  few  per  cent  hud  become 
non  viable  What  was  even  more  striking  wn  the 
extraordinary  reproducibility  of  the  method,  as 
seen  by  the  small  standard  errors  of  the  mean 
hacterial  counts  obtained  at  various  lime  intervals 
after  infection  by  aerosol  (Fig.  I).  The  rates  of 
disappearance  oT  the  bacterial  particles  were  con¬ 
sistent  with  the  anticipated  rate  of  disappearance 


of  any  particles  of  this  rite,  hut  as  is  well  k<iown, 
particles  of  this  sue  tend  not  to  impinge  on  the 
bronchial  mucosa,  and  so  the  implice'ion  was 
clear  that  most  of  the  disappearance  of  the  bac¬ 
teria  was  likely  to  be  due  to  cellular  systems  or 
other  antibacterial  systems  operating  below  the 
tertiary  bronchi,  beyond  the  lev«t  at  which  the 
mucociliary  apparatus  is  active. 

Clearance  hy  tht  Alveolar  Macrophage  System 

To  test  the  implication  that  bacterial  killing 
occurred  primarily  in  the  deeper  portions  of  the 
lung,  two  experiments  were  conducted  (6).  In  the 
first,  Auorescein-labeied  antibody  was  used  to 
detect  bacterial  antigen  in  the  lungs  of  mice  that 
had  been  expored  to  the  aerosols,  and  invariably 
bacterial  antigen  was  found  in  the  epithelial  cells 
lining  the  alveoli  (Fig.  2).  Occasionally,  relatively 
intact  bacteria  could  be  found  in  three  alveolar- 
lining  cells  (Fig.  3).  When  the  bacteria  were 
labeled  with  radioactive  phosphorus  and  their  Tate 
was  studied,  it  was  found  (Fig.  4)  that,  when 
approximately  IS ‘,7  of  viability  had  tttaappeared, 
radioactivity  had  declined  by  only  about  20(7. 
Thus,  the  decline  in  viability'  was  not  due  to  trans¬ 
port  of  the  bacteria  away  from  the  alveoli,  at 
evidenced  by  the  retention  of  radioactivity  and  the 
obaervation  of  bacterial  antigen  in  the  alveolar - 
lining  cells.  Only  a  smell  minority  of  the  bacterial 
population  could  have  been  transported  away 
during  the  time  of  meximal  killing.  The  majority 
of  the  bacterial  cells  were  destroyed  in  situ,  and 
the  alveolar  macrophage  system  clearly  seemed  to 
be  the  principal  agency  for  such  removal. 


Thai  the  bacterial  species  is  an  important  vari¬ 
able  in  the  process  of  removal  was  demonstrated 
by  subsequent  studies  ($)  in  which  the  rates  of  re¬ 
moval  of  a  strain  of  Proteus  mirahUu,  one  of 
Staphylococcus  aortas,  and  one  of  S.  aifms  were 
studied  under  comparable  conditions  (Fig.  $). 
S.  albas  was  removed  most  rapidly,  S  aureus 
somewhat  more  slowly,  and  the  strain  of  Proteus 
still  more  slowly.  More  recently,  observations 
have  been  made  with  a  pathogenic  strain  of 
PastrureUa  that  frequently  produces  pneumonia 
in  mice  and,  as  might  be  expiv. led.  clearance  of 
this  organism  in  some,  but  not  ail.  animals  is 
slower  than  that  of  Pro, cos.  and  occasionally 
clearance  is  completely  reversed  and  hactenai 
proliferation  is  observed. 

The  wide  variation  in  clearance  of  aerosolized 
bacteria  in  relation  to  species  suggests  that  simple 
mechanical  factors,  such  us  the  action  of  the 
mucociliary  apparatus,  are  an  unlikely  basis  for 
the  antibacterial  action,  since  it  seems  unlikely 
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coccus  aureus,  and  S.  albus  by  the  normal  mouse  lung 

W- 

that  t  mechanical  system  would  show  such  a  wide 
range  of  effectiveness  against  different  species  of 
similar  suo  range.  However,  such  differences  in 
antibacterial  activity  against  different  bacterial 
species  are  well  known  in  phagocytic  systems  (2, 
14).  The  observations  also  indicate  that,  since  the 
methods  of  clearance  of  different  bacterial  species 
may  be  different  from  one  another  in  a  given  host, 
circumstances  that  alter  the  rate  of  clearance  may 
permit  one  or  another  species  to  multiply  instead 
of  being  cleared. 

Bacterial  Clearance  and  Environmental 
and  Metabolic  Disturbances 

To  investigate  the  relationship  of  a  variety  of 
metabolic  even's  to  the  clearing  mechanism, 
experimental  animals  were  exposed  to  the  aerosol 
of  appropriate  bacteria  and  then  immediately 
exposed  to  a  metabolic  circumstance  that  might 
be  expected  to  alter  the  rate  of  bicterial  clearance 
(4).  It  was  found  (Fig.  6;  that  hypoxia  equivalent 
to  an  altitude  of  10,000  ft  was  sufficient  to  slow 
significantly  tire  rate  of  bacterial  clearing,  and  this 
effect  could  also  be  obtained  with  diminished  oxy¬ 
gen  tensions  at  sea  level  pressures.  Ethyl  alcohol 
inhibited  bacterial  clearing  by  the  lung  and  did  so 
in  direct  relationship  to  the  dose  of  ethyl  alcohol 


S.  albus  S.  auraua  P.  nlrabllla 

Fio.  6.  Relative  effects  of  ethyl  alcohol ,  hypoxia,  and 
cold  on  the  clearance  of  Staphylococcus  albus ,  S.  aureus , 
and  P.  mimbilis  by  the  normal  mouse  lung.  Although  ill 
general  these  circumstances  delayed  bacterial  clearance, 
the  effect  of  hypoxia  in  the  case  of  Proteas  was  negli¬ 
gible.  Il  is  also  noteworthy  that.  In  the  case  of  Proteus, 
ethyl  alcohol  sufficiently  depressed  barteriul  clearance  la 
allow  bacterial  multiplication  to  occur  ($). 

administered.  Furthermore,  the  administration  of 
oxygen  to  the  intoxicated  animals  did  not  correct 
the  defect.  The  latter  experiment  was  performed 
because  of  the  possibility  that  ethyl  alcohol  may 
have  depressed  respiration  and  thereby  brought 
about  depression  of  bacterial  clearance.  Acute 
slarvatio.''.  for  24  hr  was  associated  with  de¬ 
pressed  clearance  of  bacteria  by  the  lung,  and 
once  again  the  degree  of  depression  of  clearance 
was  directly  related  to  the  amount  of  weight  lost. 
In  retrospect,  however,  the  latter  effect  may  not 
be  entirely  due  to  the  weight  loss  itself,  but  may  be 
related  to  such  accompanying  metabolic  disturb¬ 
ances  as  acidosis  (see  below).  Cortisol  also  de¬ 
pressed  bacterial  clearance  significantly. 

When  the  effects  of  the  metabolic  agents  that 
inhibited  bacterial  clearance  were  tested  in 
animals  that  had  received  different  microorgan¬ 
isms  in  the  aerosol,  it  was  apparent  that  not  all  of 
the  metabolkally  induced  suppression  of  clear¬ 
ance  was  uniform  regardless  of  species  (5).  For 
example,  the  clearance  of  staphylococci  was  only 
partly  depressed  by  ethyl  alcohol,  but  the  clear¬ 
ance  of  P.  mirabitis  was  completely  inhibited  and 
multiplication  of  the  organism  occurred.  Thus, 
under  conditions  of  ethyl  alcohol  intoxication. 
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with  all  three  species  of  bacteria  present  in  the 
lung,  it  might  be  expected  that  Proteus  would 
emerge  as  the  most  likely  organism  to  produce 
pulmonary  infection.  On  the  other  hand,  whereas 
hypoxia  markedly  inhibited  the  clearance  of 
staphylococci,  there  was  no  depression  of  clear¬ 
ance  of  Proteus  in  the  hypoxic  animals.  Presum¬ 
ably  an  oxygen-dependent  system  in  the  alveolar 
macrophage  is  operative  against  certain  bacteria 
such  as  staphylococci,  but  not  against  other  organ¬ 
isms,  such  as  Proteus.  Once  again  there  are  indi¬ 
cations  that  specific  environmental  conditions  in 
the  presence  of  a  mixed  bacterial  flora  may  favor 
the  emergence  of  one  or  another  bacterial  species 
from  the  mixture.  In  vitro,  phagocytosis  by  alveo¬ 
lar  macrophages  is  depressed  when  oxygen  ten¬ 
sion  is  reduced  (13). 

Bacterial  Clearance  and  Viral  Infection 

Another  clinical  circumstance  in  which  pulmo¬ 
nary  bacterial  infection  has  been  involved  has 
been  the  presence  of  a  precedent  viral  infection. 
Sellers  and  co  workers  (15)  demonstrated  that  in 
mice  infected  with  influenza  virus  the  intranasal 
insufflation  of  staphylococci  was  followed  by 
virtually  no  clearance  of  the  organisms  by  the  lung, 
whereas  in  animals  not  infected  with  the  influenza 
virus,  the  staphylococci  were  readily  cleared  by 
the  murine  lung.  Detailed  studies  of  this  phenome¬ 
non  have  indicated  (Fig.  7)  that  clearance  of  in¬ 
haled  staphylococci  is  inhibited  in  the  presence  of 
a  viral  infection.  However,  quite  unexpectedly  it 
was  found  that  the  time  of  maximal  inhibition  of 
bacterial  clearance  by  the  virus-infected  lung  was 
toward  the  end  of  the  1st  week  after  the  induction 
of  the  viral  infection.  With  relatively  small  inocula 
of  virus,  no  inhibition  of  bacterial  clearance  was 
observed  in  the  first  5  to  6  days  after  induction  of 
the  viral  infection,  even  though  the  peak  of  viral 
multiplication  had  been  reached  by  approximately 
48  hr.  On  the  other  hand,  distinct  and  striking 
inhibition  lasting  for  1  to  3  days  was  observed 
toward  the  end  of  the  1st  week  at  a  time  when  viral 
titers  were  falling  rapidly.  Precisely  why  this  un¬ 
usual  time  sequence  should  occur  is  a  matter  for 
future  study.  It  is  noteworthy,  however,  that, 
clinically,  bacterial  infections  as  superimposed 
complications  of  viral  infections  often  appear 
about  1  week  after  the  initial  viral  infection. 

Previous  bacterial  infections  with  the  same 
species  seem  not  to  inhibit  function  of  the  alveolar 
clearing  mechanism  very  much,  as  might  be 
expected  from  consideration  of  the  relative  num¬ 
bers  of  bacteria  inhaled  in  relation  to  the  large 
numbers  of  alveolar  cells  available.  Thus,  when 
mice  were  exposed  to  an  aerosol  of  staphylococci 
on  succeeding  days  for  1  week,  the  rate  of  clear- 
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Fig.  7.  Effect  of  influenza  nnu  infection  on  clear¬ 
ance  of  Staphylococcus  aureus  by  the  murine  lung.  The 
results  of two  separate  experiments  are  given  and  plotted 
as  the  mean  number  of  bacteria  remaining  after  4  hr, 
plotted  as  the  per  cent  of  the  initial  bacteria.  The  in¬ 
fluenza  virus  infection  was  induced  with  0  J  LDu  dose. 


a  nee  was  not  different  after  seven  successive  ex¬ 
posures  than  after  the  initial  exposure. 

Bacteria!  Clearance  and  Pulmonary  Injury 

At  first  glance  it  might  appear  that  any  injury  to 
the  lung  would  be  associated  with  diminished 
bacterial  clearance.  However,  the  widespread 
nature  of  the  alveolar  system  might  also  suggest 
that  focal  anatomic  lesions  would  not  inactivate  a 
sufficiently  large  percentage  of  available  cells  to 
inhibit  measurably  bacterial  clearance,  except  as 
the  anatomic  lesions  became  overwhelmingly 
severe.  The  latter  of  these  two  points  of  view 
seems  to  be  the  correct  one.  Goldstein  ( unpub¬ 
lished  data)  has  produced  silicosis  experimentally 
by  the  intratracheal  administration  of  silica  sus¬ 
pensions,  and  severe  coalescent  disease  was  pro¬ 
duced  in  the  lungs  of  the  animals.  There  was  re¬ 
markably  little  effect  on  bacterial  clearance, 
except  perhaps  in  the  terminal  stages  of  the 
silicotic  disease,  when  a  variety  of  other  metabolic 
consequences  of  severe  pulmonary  disease  also 
begin  to  operate. 

Bacterial  Clearance  and  Tobacco  Smoke 

Most  recently,  an  additional  effect  on  pulmo¬ 
nary  bacterial  clearance  by  a  particle  of  major 
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Fkj.  8.  Upper  portion  of  the  figure  indicates  the 
numbers  of  colonies  of  Candida  albicans  in  kidneys  and 
lungs  of  mice  after  inoculation,  and  these  art  related  to 
the  levels  of  blood-urea  nitrogen  in  these  animals  as  well 
as  the  per  cent  clearance  of  Staphylococcus  aureus  ob 
served  4  hr  after  completion  of  exposure  to  the  aerosol. 
When  numbers  of  Candida  were  highest  in  the  lung  but 
blood-urea  nitrogen  levels  h ere  relatively  low,  there  was 
no  significant  effect  on  pulmonary  bacterial  clearance. 
As  the  renal  lesion  progressed  end  the  numbers  of  orga¬ 
nisms  in  the  lung  regressed,  the  blood-urea  nitrogen  rose, 


public  health  importance  has  been  observed.  It 
was  initially  observed  by  Laurenzi  et  al.  (9)  that 
mice  exposed  to  tobacco  smoke  suffered  inhibition 
of  pulmonary  bacterial  clearance.  More  recently, 
it  hBs  been  observed  by  Green  and  Carotin  (un¬ 
published  data)  that  the  addition  of  tobacco  smoke 
to  cultures  of  pulmonary  macrophages  rapidly 
altered  the  capacity  of  the  macrophages  to  cling 
to  the  culture  flask  and  greatly  diminished  the 
killing  power  of  these  cells  for  added  staphylo¬ 
cocci.  The  nature  of  the  agent  in  tobacco  smoke 
that  produces  this  effect  is  not  yet  clear,  but  the 
substance  is  water-soluble  and  affects  macrophage 
function  quantitatively 

A  useful  methodological  innovation  that  has 
come  from  the*  studies  is  a  consequence  of  the 
earlier  demonstrations  that  radio-labeled  bac¬ 
teria  may  be  killed  quite  rapidly  by  the  lung,  but 
most  of  the  label  is  readily  recovered  from  the 
lung  after  4  hr,  when  most  of  the  bacteria  are  n on- 
viable.  In  consequence  of  this  observation,  it  has 
been  possible  to  study  rates  of  clearance  in 
individual  animals  rather  than  in  groups  of  ani¬ 
mals,  and  to  do  so  with  considerable  precision.  It 
is  only  necessary  to  expose  animals  to  radio¬ 
labeled  bacteria  of  known  specific  activity  and, 
after  a  given  period  of  time,  to  count  the  radio¬ 
activity  and  the  viability  in  the  homogenates  of 
the  lungs.  The  radioactivity  will  afford  an  approxi¬ 
mation  of  the  total  number  of  bacteria  deposited 
in  the  lung,  and  the  direct  bacterial  counts  will 
indicate  residual  viability.  From  these  dala,  the 
degree  of  killing  can  be  estimated. 

The  method  has  added  substantially  to  the  pre¬ 
cision  of  study  of  the  pulmonary  antibacterial 
system,  and  has  made  the  standard  errors  of  re¬ 
spective  points  smaller  still.  Even  more  important, 
it  has  permitted  the  study  of  clearance  in  indi¬ 
vidual  animals  and  thus  has  greatly  increased  the 
efficiency  of  the  experimental  work.  Finally,  the 
method  offers  some  hope  that  it  can  be  adapted  to 
the  study  of  clearance  mechanisms  in  the  human 
being. 

Bacterial  Clearance  and  Renal  Failure  and  Acidosis 

A  recent  insight  into  another  major  metabolic 
circumstance  that  has  been  clinically  associated 
with  apparently  increased  susceptibility  to  pulmo¬ 
nary  infection  has  come  from  the  observation  that 
nephrectomized  animals  or  animals  whose  kidney 

and  there  was  a  corresponding  decrease  in  bacterial 
clearance.  In  the  lower  figure,  the  effect  of  nephrectomy 
on  pulmonary  bach  ial  clearance  of  S.  aureus  is  demon¬ 
strated.  Although  the  numbers  of  bacteria  inhaled  by 
each  of  the  trtree  groups  Is  comparable,  as  evidenced  by 
the  comparable  levels  of  P*  label  In  the  bacteria ,  sham 
surgery  slightly  depressed  bacterial  clearance  in  4  hr  but 
nephrectomy  markedlv  depressed  bacteria/  clearance. 
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function  has  been  reduced  in  consequence  of 
experimental  candidiasis  have  decreased  capacity 
to  clear  bacteria  from  their  lungs  (Fig.  8).  It 
seems,  from  the  present  as  yet  incomplete  analy¬ 
sis  of  the  phenomenon,  that  the  acidosis  accom¬ 
panying  the  uremic  state  in  these  animals  is  the 
primary  source  of  the  disturbed  (Unction  of  the 
macrophage  system.  The  implication  is  clear  that 
pulmonary  macrophages  harbor  enzyme  systems 
that  are  critical  to  phagocytosis  or  bacterial 
killing,  and  that  are  exceedingly  sensitive  to 
minute  variations  in  pH.  The  search  for  such 
systems  should  be  carried  on  forthwith. 

Summary 

In  summary,  it  is  apparent  that  there  is  an  in 
situ  mechanism  for  clearing  bacteria  in  the  lung. 
This  mechanism,  which  accounts  far  mod  of  the 
antibacterial  activity,  appears  to  reside  primarily 
in  the  pulmonary  macrophage,  and  is  relatively 
independent  of  the  function  of  the  mucociliary 
apparatus.  Parenthetically,  it  has  been  observed 
that  later  in  the  course  of  events  pulmonary 
macrophages  laden  with  bacteria  may  become  free 
and  be  carried  upward  by  the  mucociliary  stream. 
The  pulmonary  macrophage  system  is  peculiarly 
susceptible  to  a  variety  of  metabolic  situations, 
such  as  hypoxia,  ethyl  alcohol,  acidosis,  cortisol, 
tobacco  smoke,  and  undoubtedly  many  others. 
The  macrophage  system  responds  differently  to 
different  bacterial  species,  and  the  metabolic  cir¬ 
cumstances  that  alter  bacterial  clearance  do  not 
affect  clearance  of  each  of  the  bacterial  species  in 
the  same  manner.  Thus,  a  metabolic  basis  emerges 
whereby  a  single  organism  may  emerge  from  a 
mixture  of  organisms  as  a  pathogen  undo-  specific 
environmental  circumstances.  Viral  infections 
inhibit  the  clearance  of  bacteria,  but  do  so, 
strangely  enough,  after  approximately  1  week  of 
viral  infection,  and  not  at  the  time  when  viral 
replication  is  at  its  height.  Multiple  anatomic 
lesions,  such  as  those  accompanying  diffuse  sili¬ 
cosis,  have  relatively  little  effect  on  bacterial 
clearance,  compared  with  the  effects  of  the  afore¬ 
mentioned  metabolic  states.  Tobacco  smoke  has  a 
water  soluble  substance  in  it  that  inhibits  the 
function  of  pulmonary  macrophages. 

How  these  observations  relate  to  the  genesis  of 
chronic  bacterial  infection  of  the  lung  is  only 
conjectural  at  present,  but  clearly  the  hypothesis 
can  be  stated  that  a  variety  of  environmental 
circumstances  may  conspire  to  reduce  slowly  the 
capacity  ol  the  pulmonary  macrophage  to  inhibit 
bacterial  proliferation,  and  that  then  a  chronic 
state  of  bacterial  proliferation  in  the  bronchial 
tree  may  result.  It  is  conceivable  that  such  a 
chronic  stare  of  bacterial  habitation  in  the  lung 


might  be  detected  by  appropriate  methods  long 
before  manifest  clinical  pulmonary  disease  could 
be  found,  and  in  this  sense  the  situation  in  which 
asymptomatic  infections  of  the  lung  might  be  a 
precursor  to  chronic  pulmonary  infections  could 
be  analogous  to  a  comparable  situation  :.i  the 
urinary  tract  (7). 
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Dr.  Kaia  has  reported  highly  reproducible 
measurements  of  the  rate  of  clearance  of  staphy¬ 
lococci  and  other  bacteria  from  the  lungs  of  mice 
after  aerosol  inoculation.  The  aerosol  particles 
were  1  to  3  m  in  diameter,  and  the  dose,  given  in  a 
30-min  inhalation,  tuns  sufficiently  large  to  permit 
recovery  of  at  least  30,000  colony-forming  units. 
Studies  of  lung  sections  with  ftuaracein-labeled 
antibody  and  by  conventional  staining  methods 
revealed  staphylococcal  antigen  and  some  intact 
bacteria  in  alveolar  lining  cells. 

With  this  model,  the  effect  of  hypoxia,  alcohol, 
starvation,  and  other  influences  was  studied.  In 
addition,  it  was  shown  that  influenza  virus  infec¬ 
tion  interfered  with  the  clearance  of  Staphylo¬ 
coccus  aureus  from  the  lung. 

At  this  point,  it  is  perhaps  of  interest  to  con¬ 
sider  briefly  the  relationship  of  clearance  of 
staphylococci  by  alveolar  macrophages,  referred 
to  by  Dr.  Kass,  with  other  clearance  mechanisms. 
It  is  well  appreciated  at  this  conference  that 
particles  of  the  size  used  by  Dr.  Kass  largely 
escape  trapping  in  the  nasopharynx  and  are 
carried  to  the  lung.  Here  a  large  percentage  are 
deposited,  and  the  remainder  are  exhaled.  Sites 
available  for  deposition  are  the  alveoli,  the  alveo¬ 
lar  ducts,  respiratory  bronchioles,  and  more 
proximal  airway  structures.  Although  gas  ex¬ 
change  occurs  quite  readily  between  the  tidal  air 
and  the  alveoli  through  the  layer  of  residual  air  in 
the  alveoli,  this  is  effected  chiefly  by  the  process  of 
molecular  diffusion.  In  contrast,  only  10  to  20% 
of  aerosol  in  tidal  air  actually  exchanges  with 
residual  air  with  each  breath,  and  molecular 
diffusion  is  not  a  significant  factor  with  particles 
of  the  size  presently  under  discussion.  It  is  sug¬ 
gested,  therefore,  that  substantial  alveolar  pene¬ 
tration  will  require  prolonged  periods  of  breathing 


of  aerosol,  probably  of  the  order  of  that  used  by 
Dr.  Kass.  With  a  few  breaths,  particles  may  be 
deposited  in  the  lower  respiratory  tract  proximal 
to  the  alveoli,  and,  with  further  breathing,  the  site 
of  major  deposition  will  progress  peripherally, 
ultimately  to  the  alveoli,  as  alveolar  wash-in  is 
completed.  Parenthetically,  I  wonder  if  the  slow 
movement  of  particles  from  tidal  air  to  residual  air 
may  not  be  an  important  means  of  protection 
against  toxic  or  infectious  particulates  in  the 
environmental  air. 

Once  deposited,  particles  may  be  removed  from 
alveoli  by  alveolar  macrophages  and  carried  into 
pulmonary  lymphatics.  Some  macrophages  tilled 
with  particulates  may  also  be  discharged  up  the 
airway  to  the  muco-ciliary  blanket  and  then 
carried  up  the  trachea.  In  the  case  of  micioorgan- 
isms  which  deposit  in  the  respiratory  bron¬ 
chioles,  the  mode  of  disposition  is  not  dear. 
Alveolar  macrophages  are  apparently  not  avail¬ 
able  here,  and  the  muco-ciliary  blanket  begins 
more  proximslly.  Some  studies,  however,  have 
described  a  hyperreactivity  of  respiratory  bron- 
chiolsr  lining  cells  which  may  be  a  special  means 
of  protection  in  this  area.  The  small  volume  of 
lung  airway  represented  by  the  tracheobronchial 
tree  appears  to  be  the  best  protected.  Inhaled 
particles  which  deposit  here  are  carried  rapidly  up 
to  the  posterior  pharynx  bv  the  muco-ciliary 
mechanism,  where  they  may  be  expelled  or 
swallowed. 

At  present,  I  know  of  no  studies  which  ade¬ 
quately  describe  relative  degrees  of  deposition  of 
small  particles  in  peripheral  lung  areas  in  relation 
to  the  duration  of  exposure  to  small-particle 
aerosol.  I  believe  the  question  to  be  of  importance, 
since,  if  the  foregoing  concept  is  correct,  it  would 
be  possible  lo  deposit  small-particle  aerosol  in 
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sites  other  than  the  alveoli,  and  mechanisms  other 
than  alveolar  macrophages  would  be  called  forth 
to  clear  them  from  (he  lung.  Instances  of  this  sort 
may  t  gularly  occur  in  the  natural  spread  of  air¬ 
borne  infection. 

Evidence  for  significant  deposition  of  small 
particles  at  sites  other  than  the  alveoli  is  found  in 
the  work  of  McGavtan  et  al.  (4),  who  observed 
that  pulmonary  lesions  of  psittacosis  in  monkeys, 
after  small-particle  aerosol  inoculation,  developed 
around  foci  in  respiratory  bronchioles  and  that 
none  were  found  developing  around  alveoli. 
These  findings  cannot  be  considered  proof,  how¬ 
ever,  since  lesions  develop  e  considerable  time 
alter  inoculation,  and  a  number  of  factors  could 
influence  the  site  of  development  of  infection 
during  this  period. 

1  was  especially  interested  in  Dr.  Kass'  report 
that  clearance  of  staphylococci  from  the  lung  was 
impaired  in  the  presence  of  influenza  virus  infec¬ 
tion,  but  only  after  it  had  progressed  for  6  to  8 
days.  As  he  suggested,  this  coincides  in  time  with 
the  occurrence  of  some  human  cases  of  bacterial 
pneumonia  complicating  influenza.  Harford  et  al. 
(2)  in  1948  showed  a  similar  result  with  pneumo¬ 
cocci.  In  their  studies,  instilled  pneumococci 
multiplied  rapidly  in  mice  during  the  5th  to  6th 
day  of  viral  influenza,  leading  to  pneumonia  and 
death.  Gerone  et  al.  (1)  in  1957,  in  similar  experi¬ 
ments,  found  a  rapid  increase  in  pneumococci  in 
the  lung  and  high  mortality  in  mice  given  bac¬ 
terial  challenge  6  to  9  days  after  influenza  virus 
PR8  inoculation,  but  bacterial  challenges  given 
before  this  time  were  without  effect  Although 
Kass  did  not  report  on  mortality,  it  seems  likely 
that  an  appreciable  occurrence  of  pneumonia  and 
mortality  might  have  resulted  in  his  studies. 

Apparently  quite  distinct  from  the  foregoing 
was  the  observation  by  Janssen,  Chappell,  and 
Ckrone  (3)  that  guinea  pigs  given  S.  aureus  at  the 
time  of  inoculation  with  influenza  virus  showed  a 
high  mortality  within  48  hr.  Influenza  virus  or 
Staphyk>cocc*a  alone  in  the  same  doses  had  no 
effect.  The  effect  was  shown  to  be  dependent  on 
live  influenza  virus,  and  it  did  not  occur  in  animals 
with  influenza  antibody  produced  by  prior  chal¬ 
lenge.  On  the  other  hand,  killed  staphylococci 
served  as  well  as  live  cultures  in  causing  death. 


Animals  dying  of  this  synergistic  combination 
bowed  pulmonary  consolidation.  However, 
staphylococci  could  not  be  cultured  from  the 
lungs  (in  animals  given  live  cultures),  although 
influenza  virus  was  present  in  high  titer.  One  is 
tempted  to  compare  these  results  with  the  occa¬ 
sional  case  of  rapidly  fatal  human  influenza  in 
which  no  evidence  of  bacterial  pneumonia  is 
found.  Thus,  there  may  be  two  forms  ot  interac¬ 
tion  of  staphylococci  and  influenza  virus  in  ani¬ 
mal  infection  which  have  a  counterpart  in  natural 
human  illness,  i.e.,  bacterial  superinfection  late  in 
the  course  of  influenza  (referred  to  by  Kass),  and 
an  early,  often  fetal  influenza,  apparently  un¬ 
related  to  bacterial  infection,  but  conceivably 
contributed  to  by  constituents  of  killed  staphylo¬ 
cocci  [referred  to  by  Janssen  et  al.  (3))  which  have 
remained  in  the  lung. 

Dr.  Kass'  studies  of  metabolic  and  other  factors 
which  influence  lung  clearance  are  of  great 
interest.  If  the  relationship  of  lung  clearance  of 
microorganisms  to  the  pathogenesis  of  pulmonary 
infection  can  be  precisely  defined,  this  model 
could  serve  an  extremely  useful  purpose  in 
attempts  to  identify  mechanisms  of  susceptibility 
and  resistance  to  infection.  It  would  be  highly 
desirable  to  extend  some  of  these  techniques  to 
man,  if  the  safety  of  the  methods  could  be  as¬ 
sured,  but  the  problem  is  technically  an  imposing 
one. 
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Introduction 

Studies  of  airborne  infection  have  been  largely 
directed  at  the  identification  and  nature  of  re¬ 
sponsible  microorganisms,  epidemiology,  host 
immunological  defames,  and  antibacterial  or 
antiviral  drugs.  A  relatively  small  effort  has  in¬ 
volved  the  poamble  role  of  the  respiratory  mucoaa 
and  the  nasal  passages  in  the  defense  against  air¬ 
borne  infection.  As  s  result,  although  e  highly 
sophisticated  body  of  knowledge  has  accumulated 
in  the  former  fields,  we  do  not  yet  know  whether 
the  upper  respiratory  tract  constitutes  a  useful 
defense  against  airborne  disease,  is  of  no  use,  or 
may  possibly  be  a  detrimental  influence.  C.  W. 
Wright  pointed  out  this  feet  at  the  first  Airborne 
Infection  Conference  five  years  ago  (85),  in 
saying,  "One  might  well  wonder  whether  the  nose 
and  nasopharynx  are  more  hsrmfUl  than  helpful 
with  regard  to  infections  of  the  lower  air  pass¬ 
ages." 

The  long-term  objective  of  the  work  to  be  re¬ 
ported  in  this  paper  is  to  discover  what  part  the 
upper  respiratory  passages  and  the  respiratory 
mucoaa  play  in  defense  against  airborne  disease 
and  what  fisetora  influence  their  function. 

It  is  conceivable  that  the  nasal  passage  in  man 
is  merely  a  vestigial  remnant  of  a  once  highly 
effective  olfactory  organ  (37,  36)  (Fig.  1).  Yet, 
anthropological  studies  show  that  evolutionary 
changes  have  resulted  in  nasal  dimensions  which 
vary  with  climate  demands  (18),  thus  suggesting 
that,  in  man's  development,  the  nose  has  not 
entirely  regressed  to  a  useless  ornament. 

On  the  one  hand,  available  evidence  indicates 
that  the  nose  is  less  effective  in  humans  than  in 
other  mammals  as  a  filter  for  particles  in  the 
inspired  air  (3,  9,  19,  58),  that  particles  carrying 
infectious  organisms  are  not  only  small  enough  to 
pass  through  the  nose  but  also  to  pass  through  the 


tracheobronchial  tree  into  the  alveoli  (17,  28,  42, 
33,  76),  and  that  many  patients  survive  for  yean 
addle  breathing  through  a  tracheotomy  (31,  61). 
Unfortunately,  no  really  adequate  study  has  been 
done  on  such  patients  to  determine  the  effect  of 
tracheotomy  breathing  on  airborne  infection. 

On  the  other  hand,  it  is  well  known  that,  during 
the  first  few  days  after  tracheotomy,  pulmonary 
infections  are  common  and  often  severe;  some 
evidence  from  experimental  induction  of  respira¬ 
tory  infection  suggests  that  the  nose  may  serve  to 
protect  the  lower  respiratory  tract  (13);  clinical 
experience  suggests  that  a  diseased  nasal  passage 
is  seldom  found  without  concomitant  lower 
respiratory  symptoms,  and,  in  mucoviscidosis,  the 
abnormal  function  of  mucous  membranes  seems 
the  most  obvious  link  with  the  susceptibility  of 
these  patients  to  frequent  and  severe  respiratory 
infection.  At  least  one  study  has  described  a 
relationship  between  the  effectiveness  of  the  nasal 
filter  and  (he  incidence  of  silicosis  (43). 

All  of  this  leads  to  the  conclusion  that  the  role 
of  the  upper  respiratory  tract  is  still  in  doubt  and 
requires  further  investigation. 

Anatomy  of  the  Upper  Respiratory  Tract 

It  will  be  helpful  if  workers  in  this  field  will 
agree  upon  clear-cut  definitions  of  terms.  The 
upper  respiratory  tract  is  that  part  of  the  air  pass¬ 
ages  which  extends  from  the  larynx  to  the  nostrils 
and  to  the  lips,  including  the  Eustachian  tubes  and 
the  paranasal  sinuses  (Fig.  2). 

This  may  be  divided  into  the  nasal  passage  ex¬ 
tending  from  the  mucocutaneous  junction  at  the 
nostrils  to  the  upper  border  of  the  soft  palate 
(including  the  paranasal  sinuses),  the  naso¬ 
pharynx  from  the  posterior  nasal  passage  down¬ 
ward  to  the  lower  free  border  of  the  soft  palate 
(including  the  Eustachian  tubes),  the  mouth  ex¬ 
tending  from  the  lips  backward  to  the  soft  palate, 
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Pro  I .  Upper  respiratory  tract  of  the  Imhan  barking 
tiler  s /towing  the  relation  between  the  epiglottis  ami  tbe 
palate,  assuring  nasal  air  flaw  even  when  the  month  Is 
open.  This  relationship  exists  In  mtnp  mammals  bat  not 
tn  man.  From  V.  Negus,  Comparative  Anatomy  ami 
Pkystohay  of  the  Note  am!  Paranasal  Sinuses.  £.  A  5- 
Livingstone,  Ltd.,  Ethnbttrgk,  1958,  with  the  kind  per* 
mission  of  the  author  and  the  publishers. 


Fra.  2.  Diagram  of  the  upper  respiratory  tract  show¬ 
ing  the  anatomical  divisions  suggested  in  the  text.  The 
mouth  Is  included  in  the  oropharynx.  The  lateral  exten¬ 
sions  of  the  hypopharynx  downward  on  either  side  of  the 
larynx  are  not  shown. 

the  oropharynx  extending  downward  from  the 
free  border  of  tbe  soft  palate  to  the  epiglottis,  the 
hypopharynx  from  the  tip  of  the  epiglottis  down¬ 
ward  into  the  pyriform  sinuses  laterally  and  to  the 
aryepigiotttc  folds  medially,  and  the  larynx  ex¬ 
tending  from  the  aryepiglottic  folds  down  through 
the  cricoio  ring. 


Fio.  3.  Nasal  airway.  The  cartilmginaas  and  bony 
structures  ( hortsmsu!  hatching)  fix  the  maximal  dimen 
thus  of  this  poetian  of  the  airway,  ami  the  overlying 
macular  network  ami  mucosa  more  oe  less  nut  row  the 
passage  according  to  their  state  of  congestion.  Com¬ 
munication  with  maxillary  antra  through  middle  meat! 
is  usually  a  thinner  partition  than  shown  her*.  Air  pass¬ 
age  Is  shown  in  solid  black. 

The  dimensions  of  the  nasal  passage  are  rela¬ 
tively  fixed  by  their  cartilaginous  and  bony  frame¬ 
work,  but  vary  in  width  according  to  the  thick¬ 
ness  of  the  lining  mucous  membranes  (Fig.  3).  The 
nostril  hairs  placed  at  the  entrance  to  the  nose 
may  play  a  piut  in  air  flow  and  aerosol  distribu¬ 
tion  in  tbe  air  stream.  From  the  nostril  to  pos¬ 
terior  nasopharynx  in  the  adult  is  8  to  II  cm  and 
from  the  nawl  floor  to  cribriform  plate  is  4.S  to 
5  cm.  The  tfimensoru  of  the  nasopharynx  vary 
with  the  size  of  the  adenoid  mass  above  and  with 
the  position  of  the  soft  palate  below.  The  mouth 
will  vary  from  a  broad  passage  when  the  tongue 
and  palate  are  widely  separated  to  a  closed  space 
when  they  are  approximated.  The  oropharynx  will 
be  narrow  or  wide  as  the  tongue  is  moved  back¬ 
ward  or  forward  and  will  also  he  affected  by  tbe 
size  of  the  tonsils.  The  hypopharynx  is  relatively 
constant  except  during  deglutition.  The  laryngeal 
airway  is  effected  by  both  deglutition  and  by  the 
motion  of  the  true  and  false  vocal  cords. 
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The  mucous  membrane  in  (he  respiratory  tract 
is  ciliated  columnar  epithelium  from  a  line  just 
posterior  to  the  anterior  ends  of  the  turbinates 
back  into  the  nasopharynx,  except  for  the  olfac¬ 
tory  area,  but  including  the  lining  of  the  paranasal 
sinuses.  In  the  nasopharynx  there  is  a  transition 
from  ciliiited  columnar  to  transitional  and  then 
squamous  epithelium.  Over  the  adenoid  tissue, 
than  are  alternating  patches  of  squamous  and 
ilia  tad  columnar,  but  the  crypts  are  entirely  lined 
with  keratinizing  squamous.  The  common  belief 
that  adenoid  tissue  does  not  exist  in  the  normal 
adult  is  untrue.  At  least  small  amounts  of  lymph¬ 
oid  tissue  with  crypts  can  be  found  in  man  of  all 
ages  (2).  The  Eustachian  tubes  are  also  lined  with 
cilia  ted  mucosa.  The  remainder  of  the  upper  res¬ 
piratory  epithelium  with  the  exception  of  the 
ciliated  posterior  wall  of  the  larynx  is  squamous 

Within  the  nasal  passage,  the  vascular  bed  is  so 
rich  and  subject  to  such  wide  changes  in  dilatation 
that  it  is  commonly  referred  to  as  erectile  tissue. 
There  is  also  a  particularly  rich  vascular  supply 
within  the  tonsillar  and  adenoid  tissue. 

Goblet  cells  and  mucosal  glands  supply  a 
continuous  carpet  of  mucus  which  lines  the  entire 
upper  respiratory  tract.  This  mucus  is  kept 
continually  on  the  move  by  ciliary  activity  and 
swallowing  from  every  point  in  the  respiratory 
tract  toward  the  hypopharynx  and  thence  to  the 
esophagus. 

The  ciliated  mucosa  of  the  trachea  extends  up¬ 
ward  through  the  posterior  commissure  of  the 
larynx;  but  motion  of  mucus  through  other  por¬ 
tions  of  the  larynx  above  the  cricoid  is  largely  de¬ 
termined  by  cough  or  “throat  clearing''  (Fig.  4). 

The  paranasal  sinuses  consist  of  a  group  of  air 
(paces  in  the  bones  of  the  face  communicating 
with  the  nasal  air  stream  through  small  openings, 
and,  in  the  case  of  the  frontal  sinuses,  through 
long  nasofrontal  ducts.  The  direction  of  the  muco¬ 
ciliary  stream  in  all  of  the  sinuses  is  toward  the 
nasal  passage. 

The  Eustachian  tubes  are  normally  closed 
channels  connecting  the  nasopharynx  with  the 
air  spaces  of  the  middle  ear.  Here  also  ciliary 
activity  moves  mucus  toward  the  nasopharynx. 
These  tubes  normally  open  during  swallowing  and 
yawning.  They  are  essential  for  the  maintenance 
of  normal  pressure  within  the  middle  ears  and  arc 
of  importance  in  respiratory  infection  as  the  chief 
passage  through  which  pathogenic  microorgan¬ 
isms  pi  in  access  to  the  middle  ears 

Whether  or  not  the  upper  respiratory  tract  is  an 
important  factor  in  the  defense  against  iniialed 
materials,  it  is  certainly  an  important  contributor 
to  the  adjustment  of  the  temperature  and  water 
vapor  content  of  inspired  air  and  probably  is 


•  *  * 

¥ 


Flo.  4.  tomograph  of  the  human  glottis  seen  from 
aoovr  Brian  is  the  posterior  commissure  through  which 
the  mucociliary  stream  mast  pass.  The  ooccri  cants  ate 
not  ciliated  With  the  kind  permission  nf  tool  Halinger, 
Chicago.  III. 

important  in  the  maintenance  of  normal  body 
temperature  and  water  (12,  15,  22,  32,  38,  31, 
56-58, 72,  73). 

Although  it  is  true  that  these  function?  can  be 
taken  over  by  the  mucosa  lining  the  tracheo¬ 
bronchial  tree,  observation  of  patients  with  tra¬ 
cheotomy  (even  longterm)  indicates  that  the 
nasal  passage  is  best  suited  for  this  purpose.  Nor¬ 
mally,  with  nasal  breathing,  air  temperature  is 
close  to  body  temperature,  and  the  air  is  near  to 
saturation  with  water  vapor  by  the  time  it  reaches 
the  hypopharynx  (63). 

Urna  Airways,  Nasal  or  Orotharynqeal 

Because  the  narrow  nasal  passage  is  the  place  of 
greatest  resistance  to  air  flow  (24),  when  the 
ventilatory  demand  rises  beyond  a  certain  point, 
one  resorts  to  mouth  breathing.  Under  these  cir¬ 
cumstances,  the  tongue  is  depressed  and  the  palate 
raised,  providing  a  wide  airway  with  minimal  re¬ 
sistance  to  flow.  What  work  load  creates  this  de¬ 
mand  and  how  much  individual  variation  there 
is  has  not  been  determined. 

in  like  manner,  when  the  nasal  airway  is 
sufficiently  reduced  by  physiological  alterations  in 
mucosal  and  submucosal  vasculature  or  by  patho¬ 
logical  processes,  even  quiet  breathing  may  occur 
through  the  mouth;  but  in  this  case  the  oral  air¬ 
way  consists  of  a  narrow  slit  between  tongue  and 
palate.  Here  there  is  wide  individual  variation. 
Some  patients  will  complain  of  nasal  obstruction 
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Flo.  3  Pnrumotacbognsm  during  mug/  brrathivg 
(kfl),  foUomed  by  talking,  with  brief  Iruptmtlan  In 
center.  Note  air  flan  during  tbit  inspiration  it  more  than 
mice  that  be  retting  breathing.  With  the  prrmiggion  of 
the  Editor,  Inhaled  Portklrs  and  Vapours  II  ( in  peett), 
Pergamon  Petit,  Inc.,  New  York. 


Fig.  6.  Oropharyngeal  airway  during  deep  breathing 
(A)  and  during  inspiration  between  conversational 
phrases  (B).  Ups  may  be  seen  to  the  left.  Note  narrow 
airway  between  longue  and  palate  In  (5).  From  cine- 
flnorograph,  with  thanks  to  Sue  McCarty  and  Martin 
Denser,  Johns  Hopkins  Hospital.  With  the  permission 
of  the  Editor,  Inhaled  Pankics  and  Vapours  II  (in 
press),  Pergamut  Press,  Inc.,  New  York. 

when  their  measured  resistance  to  air  flow  is  less 
than  that  found  in  others  who  are  unaware  of  any 
difficulty  in  nasal  breathing 

Movement  of  air  in  and  out  of  the  paranasal 
sinuses  and  middle  ears  occurs  as  a  result  of 


PM.  r  Tomograms  of  the  upper  airways.  To  the  left, 
lateral  Hew,  and,  to  the  right,  anterior  Hew.  Conjure 
with  Fig.  J  end  S.  With  the  permission  of  the  Editor, 
Handbook  of  Physiology,  eel.,  I  Be  spiral  ion,  American 
PhyskdopicH  Society,  Washington,  D.  C. 


Flo.  8.  (A)  Obverse  of  cast  of  nasal  passage  taken  at 
autopsy:  {B'i  Model  constructed  from  same  Nostril  is  to 
the  left.  With  the  permission  of  the  Editor,  Inhaled 
Part  kies  and  Vapours  (bi  press),  Pergomon  Press,  Inc., 
New  York. 

respiratory  cycle  pressure  changes  when  these 
spaces  are  in  free  communication  with  the  moving 
air  stream,  and  as  a  result  of  gat  absorption  from 
these  spaces  when  this  communication  is  pertodi- 
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Flo.  9.  (A)  Anth  motor  mad  grid  (roprotoathtg  dUhtg  aatal  rrpfam)  mod  *ilk  moJth  as  In  Fig  SB  (B)  Or  lull 
if  tip  ofmtttr,  skowktg  tkftf  a/mtbtts  pro/rrllnn  into  eirsirram  With  ritr  prrmlukm  of  tkr  luhinr,  InhalnJ  Barth  In 
ami  yaftan  (in  from),  Btrfamoa  Bross,  lor..  Now  York. 


c«Uy  interrupted.  Under  normal  circumstances, 
the  pi  contained  within  the  sinuaas  undergoes 
one  Aitt  change  every  few  hours  (63).  Under  un¬ 
usual  circumstances,  especially  those  associated 
with  marked  atmospheric  pressure  changes,  ven¬ 
tilation  of  these  paranasal  spaces  may  he  much 
peater.  Rahn  calculated  that  in  the  Japanese 
women  divers  (Ama)  the  ventilation  of  each 
middle  ear  approximates  1,800  ml  per  day  (67a). 

During  conversation,  inspiration  occurs 
through  the  mouth,  but  here  again  the  oral  airway 
is  narrow.  During  singing,  when  it  is  necessary  to 
fill  the  lungs  quickly  far  long  phrases,  the  oral 
airway  is  wide  as  in  high  ventilatory  demands 
(Fig.  3  and  6). 

If  resuu nee  to  air  flow  is  external,  as  with  res 
prrstory  masks,  nasal  breathing  continues  until 
such  resistance  is  extremely  severe. 

Although  n  is  commonly  recognized  that  nasal 
congestion  sufficient  to  cause  mouth  breathing 
wy  be  related  to  a  multitude  of  internal  and 
~mal  environmental  factors,  these  relations  as 
emain  generally  undocumented.  Such  in- 
n  probably  include  emotional  stimuli,  such 
v'  or  sexual  conflict,  endocrine  disiurb- 
•ch  as  hypothyroidism,  and  sudden 
>  inspired  air  temperature  Especially  in 
-motional  stress,  changes  occur  in  all 
ibranes  hut  are  generally  more 


readily  noticed  and  more  pronounced  in  the  nose 
(35,  49,  54,  60,  75,  84). 

The  function  of  the  paranasal  sinuses  in  man  is 
open  to  quest  kvi.  It  is  clear  that  these  ah’  spaces 
provide  protection  for  the  brain  against  blows  on 
the  face.  It  seems  likely  that,  in  addition,  they  act 
as  insula  lore  and  a  source  of  mucous  secretion  to 
supplement  the  air  conditioning  function  of  the 
nose  (57,  58,  67). 

CHAtucmt  of  Urrf a  Risfiiiatuhy  Aw  Flow 

The  fate  of  inspired  particulate  matter  depends 
upon  the  size  and  weight  of  the  particle,  the  char¬ 
acter  of  air  flow,  and  the  relationship  between  the 
moving  air  stream  and  the  surfaces  over  which  it 
passes.  Since,  within  the  nose  the  air  stream  is 
narrow  (Fig  7)  and  moves  at  a  high  linear  veloc¬ 
ity,  and  since  turbulence  is  more  likely  to  occur 
there  than  elsewhere  in  the  respiratory  tract,  it  is 
of  importance  that  we  understand  the  nature  of 
air  flow  in  the  nasal  passage  and  the  factors  which 
may  significantly  alter  this  flow  (20,  38,  59,  66 
74,  80). 

Because  of  the  difficulty  in  introducing  measur¬ 
ing  devices  within  the  nose  without  interfering 
with  the  nasal  air  stream,  models  of  the  nasal 
cavity  have  been  constructed  from  casts  made  at 
autopsy  to  permit  measurement  of  simulated  nasal 
air  flow  at  all  points  ('rig.  8).  These  measurements 
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I-KJ.  10.  Patterns  ttf  air  flow  tkrrmth  one  modfl 
Arrows  i  nitrate  titer  tic*  a/  flow  ami  circles  indicate 
linear  velocity.  (A)  Inspiration  at  It  liters  per  min. 
tB)  Inspiration  at  21  liters  per  min  iO  Expiration  at 
II  hires  per  min.  Note  more  diffuse  thstrUmlba  of  flow 
in  C  With  the  permission  of  the  Editor ,  Inhaled  Parti- 
ilri  ami  I'aponrs  im press)  Pergamon  Press,  Inc.,  New 
Vori 

■re  made  by  use  of  an  angle  meter  inuuduced  into 
the  stream  through  a  simulated  nasal  septum 
which  can  he  moved  over  the  surface  of  the  nose 
model  (.Fig  9). 

Such  studies  indicate  a  concentration  of  most  of 
the  moving  air  stream  during  inspiratory  flow 
over  a  relatively  small  portion  of  the  nasal  surface. 
This  max  be  useful  in  shunting  the  inspired  air 
awe)  from  the  unciliated  olfactory  area.  It  also 
may  be  useful  when  one  is  breathing  noxious  air, 
in  that  a  taige  surface  of  neighboring  mucosa  re¬ 
mains  unexposed  and  able  to  replenish  altered  or 
dried  mucus  in  exposed  areas  (Fig.  10). 

The  path  of  the  air  stream  remains  remarkably 
constant  in  the  face  of  changing  flow  from  1  to  100 
liters  per  min.  In  the  models  studied  thus  far,  as 
flow  increases  there  appears  to  be  a  greater  con¬ 
centration  of  the  moving  air  stream  in  its  principal 


path  along  the  middle  meatus.  In  one  model,  this 
change  occurred  sharply  at  16  liters  per  min,  a 
flow  which  approximates  the  peak  one  might  ex¬ 
pect  through  one  side  of  the  nose  in  rapid  newt 
breathing  (Fig.  11).  In  other  models  this  sharp 
change  has  not  been  so  evident,  but  a  similar  al¬ 
teration  in  flow  has  been  found  m  all  (Fig.  t2  und 
13). 

Changes  in  the  nasal  airway  resulting  from 
pathological  conditions  have  also  been  studied  in 
these  models.  Polyps,  septal  deviations,  altera¬ 
tions  at  the  nostril,  enlarged  adenoids,  and  gen- 
eralbed  mucosal  thickening  have  all  hem  simu¬ 
lated.  Alterat  ions  in  the  mam  nasal  cavity,  such  as 
would  result  from  polype  or  septa)  deviations, 
seem  to  have  the  most  effect  on  air  flow  patterns 
and  might  influence  panicle  deposition  or  con¬ 
centrate  the  air  sueem  in  small  anas,  thus  pro¬ 
ducing  an  undue  drying  effect  upon  mucoes. 

During  expiratory  flow,  there  is  a  more  diffuse 
spread  of  the  ttreem  through  the  entire  nasal 
passags  including  the  oifectory  area  (Fig.  14  and 
15).  Maximal  olfkctioo  occurs  just  after  a  sniff 
when  air  may  rapidly  difftoe  into  the  olfactory 
area. 

Landahl  has  calculated  the  maximal  linear 
velocity  in  the  respiratory  air  stream  to  ha  about 
2  meters  per  sec,  and  this  occurs  in  the  acondery 
bronchi  (43).  In  our  model  studies,  it  is  dear  that 
peaks  of  at  least  5  meters  per  sec  occur  briefly  in 
the  main  stream  of  flow  (hiring  quiet  nasal  breath 
mg.  Such  velocities  in  a  narrow  curving  air  stream 
will  surely  influence  the  chances  of  particles  con¬ 
tacting  the  surface. 

If  inspired  particles  are  hygroscopic,  upon  en¬ 
trance  into  the  efficient  humidification  apparatus 
of  the  nose,  they  will  increase  in  sue.  Theoretical 
considers  lions  based  on  the  behavior  of  parti¬ 
cles  in  tubes  or  even  in  the  experimental  animal 
may  •*  misleading  and  cannot  substitute  for 
measurements  of  what  actually  occurs  in  the  hu¬ 
man  nose. 

The  relatively  sharp  bend  of  the  air  stream  at 
the  nasopharynx  plus  the  fact  that  the  main  air 
stream  at  this  point  travels  along  the  posterior 
wall  increases  the  chance  for  impaction  of  parti¬ 
cles  on  the  adenoid  tissue. 

Studies  of  oropharyngeal  and  laryngeal  air  flow 
are  needed  to  understand  what  role  these  portions 
of  the  respiratory  tract  may  play  in  the  fate  of  in¬ 
haled  panicles. 

Fate  or  Paxtxt.es  Dvwhtu)  on  Ur  rex 
Rbpixatcay  SvxfAds 

In  collaboration  with  Henry  Wagner,  Jr.,  Betsy 
Bang,  and  James  Langan,  and  with  the  advice  of 
Anna  Baetjer,  three  methods  of  following  muco- 
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Fkj.  1 1 .  Changes  in  linear  velocity  (A)  and  direction  of  flow  (Bj  with  increasing  flows  through  mode I  charted  in 
Fig.  10  at  points  indicated  in  Inset.  Note  sharp  breaks  In  both  charts  at  points  above  main  flow  paths  at  16  liters 
per  min.  With  the  permission  of  the  Editor,  Inhaled  Particles  and  Vapours  {in  press),  Pergamon  Press.  Inc.,  New 
York. 


ciliary  clearance  of  particles  have  been  explored  Such  relatively  long  scans  may  provide  impor- 
one  of  which  was  combined  with  the  use  of  a  visi-  tant  information.  Both  Hilding  (33)  and  Macklin 
We  dye.  For  each  technique,  0.02  to  0.1  ml  of  a  (50)  pointed  out  the  possible  importance  of  small 
saline  solution  containing  8  to  20  /ic  of  radio-  areas  of  poor  clearance  in  »he  tracheobronchial 
activity  was  injected  with  a  microsyringe  on  the  tree  in  the  role  of  carcinogenesis.  Whether  such 
mucosal  surface  at  the  anterior  nares.  A  head  mir-  areas  regularly  occur  in  the  upper  airways  or 
ror  and  nasal  speculum  were  used  to  assure  place-  whether  they  result  from  specific  environmental 
ment  of  the  material  just  behind  the  anterior  end  circumstances  is  not  known, 
of  the  inferior  turbinate.  I11'-  was  the  isotope  most  One  study  was  done  on  a  child  with  mucovis- 
frequently  employed.  In  most  studies,  the  isotope  coidosis  (Fig.  19),  but  no  other  patients  have  been 
used  labeled  aggregates  of  human  serum  albumin  studied  as  yet. 

(81),  usually  from  5  to  100  p  in  diameter,  but  in  For  the  second  method,  the  subject  whs  seated 
one  study  (Fig.  17)  5  to  15  mp  (64,  65).  In  other  in  a  chair  with  a  head  rest  and  remained  in  this 
studies,  the  isotope  was  in  the  form  of  a  solution  position  throughout  the  test  (Fig.  20).  A  double- 
of  sodium  iodide,  or  a  solution  containing  fluores-  channel  collimated  crystal  scintillation  detector 
cein  mixed  with  the  dye  Sky  Blue  (dimethoxydi-  was  brought  alongside  the  face  and  positioned  so 
phenyl-diazo-bis-S-amino-l-naphthol-S^-disul-  that  the  two  channels  pointe  across  the  nasal 
fonic  acid)  [Cl4Ht)NiOi»S,Na(].  Subjects  were  passage,  one  just  behind  the  point  of  injection, 
given  Lugol’s  solution  by  mouth  prior  to  the  and  the  other  4  cm  farther  back.  Radioactivity 
study  to  block  entrance  of  the  IUI  into  the  thyroid  was  then  recorded  at  each  point  until  the  isotope 
gland.  had  been  carried  backward  past  the  second  posi- 

For  the  first  method,  immediately  after  place-  tion  (Fig.  21). 
ment  of  the  isotope,  the  subject  lay  prone  on  a  The  third  method  (carried  out  in  collaboration 
conventional  scanning  table  with  the  head  turned  with  Betsy  Bang  and  James  Langan)  was  similar 
to  one  side  (Fig.  16)  A  series  of  scans  of  the  nasal  to  the  second,  except  that  a  single  detector  was 
area  were  then  done  as  quickly  as  possible  until  placed  in  front  of  the  nose,  pointed  along  the  line 
the  radioactivity  was  detected  in  the  nasopharynx  of  the  nasal  passage.  Thus,  as  the  isotope  was 
(Fig.  17).  In  most  studies,  the  test  was  completed  carried  backward,  detected  radioactivity  fell  in 
in  10  to  30  min,  but  in  one  study  scanning  was  proportion  to  the  square  of  the  distance.  In  this 
continued  for  70  min  to  demonstrate  retention  in  series  of  studies,  the  Sky  Blue  was  mixed  with  the 
the  anterior  undiluted  a-ca  (Fig.  18).  isotope  and  looked  for  in  the  oropharynx  about 
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once  a  minute.  This  dye,  which  is  very  clearly  visi¬ 
ble  on  mtarosal  surfaces,  produced  no  unpleasant 
sensation  in  the  subject,  and  appeared  to  have  no 
unfavorable  effect  upon  ciliary  activity.  In  each 
subject,  the  appearance  of  the  dye  either  at  the 
edge  of  the  soft  palate  or  on  the  posterior  pharynx 
coincided  with  a  fall  in  radioactivity  as  detected  in 
front  of  the  nose.  In  most  subjects,  the  visualiza¬ 
tion  of  the  dye  occurred  just  before  the  fall  in 
detected  radiation  reached  a  plateau  (Fig.  22). 

The  use  of  visible  materials  to  study  muco¬ 
ciliary  activity  has  the  advantage  of  simplicity 
(23,  68).  Nevertheless,  although  the  isotope  tech¬ 
nique  demands  complex  equipment,  it  requires  a 
minimum  of  cooperation  on  the  part  of  the  sub¬ 
ject,  gives  a  much  more  complete  picture  of  tlie 
path  of  the  mucoc'liary  stream,  allows  one  to  de- 


s 


JV 


•  ■  i  M 

♦  ■  ••• 
• 

#  II  H 

A  M-H 


«•  ItlW  >  Mltl 


Fig.  14.  Patterns  of  flow  in  model  charted  In  Fig.  i  2 
and  13.  <A)  Expiratory  flow  at  1 1  liters  per  min  and 
(fl)  at  44  6  liters  per  min.  Note  diffuse  distribution  of 
flow  even  in  iB). 
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Fla.  13.  Patterns  of  inspiratory  flow  in  model  charted  In  Fig.  12, 13,  and  14.  Hatched  areas  In  lower  part  of  A 
tmb'rate  approximate  cross  section  of  airway.  Letters  and  numbers  refer  to  the  grid  locations  as  shown  In  charts  in 
Fig.  II,  12,  and  13.  In  C  and  D,  the  meat!  were  narrowed  (C)  and  filled  ( O )  to  simulate  changes  in  airway  to  be 
expected  from  swollen  mucosa. 


tect  areas  of  retention,  and  permits  study  of  por¬ 
tions  of  the  respiratory  tract  not  readily  accessible 
to  visual  observation. 

Thirty-six  subjects  have  been  studied  in  64  tests 
thus  for:  27  males  and  9  females,  ranging  in  age 
from  7  to  32  years,  only  one  of  whom  had  gross 
respiratory  disease.  This  number  is  insufficient  for 
the  establishment  of  normal  values;  and  studies  of 
normal  subjects  in  varied  environmental  circum¬ 
stances  and  of  patients  are  just  beginning.  There 
have  been  23  scans,  28  studies  with  the  double 
detector,  and  13  with  the  single  detector. 

The  mucociliary  transport  of  surface  materials 
in  the  human  nose  seems  to  occur  at  about  the 
same  average  speed  observed  in  previous  studies 
of  respiranry  mucous  membranes.  It  is  clear, 
though,  that  this  is  not  a  uniform  speed.  Portions 
of  a  drop  even  as  small  as  0.02  ml  may  require  2 
to  10  min  to  move  6  to  9  cm  backward  into  the 
nasophamyx,  whereas  other  portions  of  the  same 
drop  may  require  8  to  IS  min  to  travel  the  same 
distance;  still  other  portions  (at  the  anterior  un¬ 
cilia  ted  area)  undetgo  no  detectable  morion. 

There  is  wide  individual  variation,  with  some 
normal  subjects  showing  transport  times  two  to 
three  times  faster  than  others.  Not  enough  studies 
have  been  done  to  discover  how  much  variability 
there  is  in  a  single  normal  subject  from  time  to 
time,  or  how  variations  may  be  related  to  environ¬ 
mental  or  other  influences. 
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Fig.  16.  Scan  superimposed  on  skull  radiogram  for 
orientation.  This  scan  is  taken  from  series  to  left  in  Fig. 
17  and  is  from  same  subject  in  Fig.  6  and  71  A.  With  the 
permission  of  the  Editor,  Arch.  Environ,  tlealth  (64). 

Discussion 

It  is  believed  that  microorganisms  are  airborne 
in  droplet  nuclei  2  to  3  a  in  diameter  (70,  82).  Al¬ 
though  there  are  relatively  few  studies  of  nasal 
particle  deposition  in  man  (and  in  these  studies 
there  is  not  complete  agreement),  it  seems  likely 
that  many  particles  smaller  than  3  p  will  penetrate 
the  to  lower  respiratory  tract  (29,  30,  34,  45,  53). 
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Flo.  17.  Series  of  nasal  scans  on  22-year-oid  normal 
female  in  left  column  and  52-vear-ald  normal  male  to 
right.  Times  after  injection  reading  from  above  down¬ 
ward,  left:  (I)  0.9  to  3.5,  (2)  3.7  to  6.2,  (3)  6.9  to  9.7, 
(4)  shown  in  Fig.  16,  (5)  13.7  to  17.9,  ( 6 )  19.7  to  24.9 
min.  On  the  right:  (/)  1.2  to  2.5,  ( 2 )  3.4  to  5.7,  (3)  6J  to 
9.7,  (4)  9.6  to  13.2,  ( 5 )  14.6  to  16j0,  (6)  poor  scan 
(omitted),  (7)  29.5  to  34.7  min.  With  the  permission  of 
the  Editor,  Arch.  Environ.  Health  (64). 

Three  factors  deserve  further  investigation  in  this 
connection:  the  possibility  that  droplet  nuclei 
are  hygroscopic  and  increase  in  size  in  the  nose, 
the  possibility  that  coagulation  of  particles  may 
occur,  and  the  effect  of  turbulence  in  the  stream. 

Since  maximal  exposure  to  airborne  infection 
may  occur  in  circumstances  where  one  is  indulging 
in  animated  conversation,  the  fate  of  particles  in 
the  oropharynx  in  these  circumstances  also  de¬ 
serves  further  study. 

A  recent  report  on  the  epidemiology  of  tuber¬ 
culosis  suggests  the  possibility  that  the  nose  may 
be  an  important  defense.  This  report,  and  at  least 
two  other  studies,  indicate  the  likelihood  that 
cross-infection  has  occurred  between  persons 
singing  together,  whereas  infection  did  not  occur 
between  similar  individuals  sleeping  in  neighbor¬ 
ing  beds,  sitting  together  in  crowded  classrooms 
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FIG.  18.  Series  of  nasal  scans  on  same  subject  as 
shown  in  Fig.  !7  (right)  to  tlluwtnale  retention  of  parti¬ 
cles  In  anterior  mediated  area.  First  scan  (upper  left), 
02  to  U  min;  ninth  scut,  18.7  to  20.6  min ;  and  last 
scan  (lower  right)  75  to  77  min  after  Injection.  With  the 
permission  of  the  Editor,  Arch.  Environ.  Health  (64). 

or  riding  together  on  crowded  buses  (7,  36,  33, 
78). 

Two  factors  could  combine  to  explain  this 
interesting  observation.  The  passage  of  air 
through  the  vibrating  glottis  may  provide  an  ex¬ 
cellent  atomizer  for  the  production  of  very  small 
mucous  particles.  At  the  same  time,  since  inspi¬ 
ration  during  singing  consists  of  deep  breaths 
through  a  wide  open  oropharynx  and  glottis, 
maximal  opportunity  for  penetration  of  airborne 
particles  into  the  depths  of  the  lungs  will  result 
(Fig.  6). 

In  contrast,  inspiration  during  conversation 
occurs  through  a  narrow  oral  slit  at  relatively  high 
linear  velocity,  a  situation  which  could  result  in  a 
filtration  of  particles  similar  to  that  normally 
found  in  the  nose  (Fig.  5  and  6). 

If  the  upper  respiratory  tract  plays  a  significant 
role  in  the  removal  of  particles  from  the  inspired 
air,  the  next  question  involves  their  fate  once 
deposition  has  taken  place  (10,  11).  Four  possi¬ 
bilities  are  worthy  of  investigation,  mucociliary 
clearance  with  dispatch  through  swallowing  into 
the  stomach,  the  passage  of  viable  organisms 
through  gastrointestinal  mucosa,  penetration 
through  the  mucous  carpel  into  upper  respiratory 
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Fkj.  19.  (A)  Series  of  natal  scans  on  7-year-old  boy  sajfering  from  mucoviscidosis.  Times  after  injection, 
first  tcan(tofi),  0.9  to  2.6;  last  scan  {bottom),  9  J  to  1 1.6  min.  Note  relatively  poor  clearing.  (B)  Scania I  the  9tk 
min  from  three  normals  (A,  B,  and  C )  and  the  child  In  A  (D).  With  the  permission  of  the  Editor,  Arch.  En¬ 
viron.  Health  (64). 


mucosal  cells,  and  deposition  in  the  crypts  of  the 
adenoids. 

Certainly,  some  organisms  are  deposited  in  the 
adenoids,  but  we  know  little  about  the  factors 
which  determine  whether  active  infection  ensues 
or  whether  the  presence  of  pathogenic  micro¬ 
organisms  in  lymphoid  crypts  is  a  benign  infesta¬ 
tion  leading  to  an  opportunity  for  the  body  to 
thereby  develop  immunity  to  them  (62). 

It  is  evident  that  pathogenic  bacteria  may  reside 
in  the  upper  respiratory  tract  without  producing 
signs  or  symptoms  of  disease  (8,  26,  83)  What 
enables  such  bac  teria  to  institute  active  infection  is 
not  dear.  It  is  conceivable  that  their  deposition 
and  residence,  especially  in  the  adenoid  crypts, 
may  be  entirely  innocuous,  and  that  only  when 
mucous  membrane  defenses  are  injured  in  some 
manner  are  such  bacteria  able  to  invade  the  body 
tissues  and  produce  the  signs  and  symptoms  of 
infection. 

Information  is  especially  scarce  regarding  the 
chemical  nature  of  respiratory-tract  muc'j* 
Mechanisms  by  which  its  water  content  and  vis¬ 
cosity  are  varied  to  meet  the  changing  demands  of 


our  everyday  environment  are  virtually  unrx- 
plored.  It  has  been  established  that  antibodies  are 
found  in  mucus,  and  it  is  possible  that  such  anti¬ 
bodies  may,  on  occasion,  be  more  abundant  and 
more  effective  against  airborne  infection  than 
those  which  circulate  in  the  blood  stream  (4,  14, 
27,  46,  65,  79). 

The  method  by  which  inhaled  viruses  pass 
through  the  moving  mucous  layer  and  gain  en¬ 
trance  to  surface  cells  remains  unclear  (79).  It 
does  seem  that  such  penetration  will  be  less  likely 
to  occur  when  the  particle  carrying  the  virus  is 
kept  rapidly  on  the  move  in  the  mucociliary 
stream.  Stasis  at  any  point  in  the  stream  would 
provide  the  needed  opportunity  for  contact  with 
cells,  penetration,  and  infection.  It  should  be  re¬ 
membered  that  any  influence  which  slows  the 
stream  may  lead  to  stasis.  The  more  slowly  the 
mucous  stream  moves,  the  longer  it  is  exposed  to 
the  drying  effect  of  the  moving  air,  and  the  more 
likely  such  drying  and  the  consequent  rise  in  vis¬ 
cosity  are  to  lead  to  the  inability  of  the  cilia  to 
maintain  mucous  motion.  Any  factor  acting  di¬ 
rectly  either  to  impair  ciliary  activity  or  to  in- 
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Fto.  20.  (A)  Double  collimated  crystal  scintillation 
detecior  showing  sills  4  cm  apart.  (B)  Detector  In  place 
alongside  subject's  face.  With  the  permission  of  the 
Editor,  Arch-  Environ.  Health. 

crease  viscosity  of  mucus  may  thus  reduce  the  ef¬ 
fectiveness  of  respiratory  mucosa,  at  least  as  an 
air  conditioner  and  perhaps  as  a  defense  organ. 

Although  a  great  many  studies  have  been  di¬ 
rected  at  mucociliary  activity  and  particle  clear¬ 
ance,  most  of  this  work  (owing  to  the  paucity  of 
techniques  applicable  to  the  human  subject)  has 
been  done  on  in  vitro  mucosal  strips  or  in  the  ex¬ 
perimental  animal  (i,  5,  6,  16,  21,  23,  25,  41,  47, 
68,  711.  The  use  of  radioactive  tracer  materials 
and  apparatus  for  their  external  detection  permits 
the  study  of  mucociliary  activity  in  living  man  (1, 
25,  34,  55,  64,  65). 

Although  it  is  possible  that  many  infectious 
organisms  travel  in  the  inspiratory  air  stream  di¬ 
rectly  to  the  alveoli,  there  are  broad  gaps  in  our 
knowledge  of  particulate  behavior  ip  the  airways 
and  suggestive  areas  of  disagreement  (33,  39,  40, 


Flo.  21.  Redrawn  record  from  the  double  detector 
(A)  and  actual  record  (B).  (A)  From  same  subject  illus¬ 
trated  in  Fig.  6  and  17  (left).  {B)  From  normal  33-year- 
oU  male.  With  the  permission  of  the  Editor,  Arch. 
Endian.  Health  and  Inhaled  Particles  and  Vapours  II 
(In  press),  Pergamon  Press,  Inc.,  New  York. 
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Fas.  22.  Tracings  from  records  ‘thtaiitni  with  single 
detector  method:  (/t)  26-year-old  noonal  male ;  (fl) 
36-)earw>ld  normal  male-,  and  iO  S'  \-ear old  nonmil 
male.  In  these  records,  the  fill  of  rudiooriivity  detected 
at  probe  in  front  of  nose  results  from  motion  of  isotope 
backward  in  mucociliary  stream.  Plateaus  in  ( B )  and 
(C)  probably  represent  material  retained  in  anteri  "  un- 
cifialed  area.  Arrows  indicate  nine  at  which  dye  became 
visible  in  posterior  pharynx. 
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52,  77).  We  cannot  now  Rate  with  certainty 
whether  or  not  the  upper  respiratory  tract  is  a 
barrier  again*  airborne  disease.  We  cannot  know 
until  we  first  understand  normal  human  respira¬ 
tory  function  (air  flow  and  mucoral  function)  and 
what  influences  disturb  it.  Only  then  will  it  be 
be  possible  to  search  for  correlations  between 
neb  disturbed  function  and  susceptibility  to  dis- 

Many  of  the  conclusions  thus  far  drawn  regard- 
inf  the  upper  respiratory  tract  and  mucous  mem¬ 
brane  function  come  from  in  vitro  studies  or  the 
experimental  animal.  Although  some  of  these  con- 
duRoot  ate  probably  correct,  it  is  time  to  check 
then  with  ceiefUUy  controlled  experiments  on  the 
human  subject.  This  is  especially  true  in  retard  to 
respiratory  sir  flow  and  the  fate  of  inhaled  parti¬ 
cles. 

Clinical  experience  with  respiratory  infection 
has  long  relationships  between  sus¬ 

ceptibility  and  such  fee  tors  as  change  of  season, 
cold  tmatbar,  allergies,  exhaustion,  emotional 
stress,  etc.  Studies  of  naturally  occurring  infec¬ 
tions  have  not  produced  data  leading  to  clear  con¬ 
clusions,  perhaps  because  they  have  not  included 
concomitant  studies  of  mucosal  function.  Studies 
in  the  experimental  induction  of  respiratory  in¬ 
fection  have  in  general  failed  to  substantiate  any 
of  the  relationships  mentioned,  but,  instead,  indi¬ 
cate  that  whether  or  not  an  individual  exhibits 
signs  and  symptoms  of  infection  is  largely  a  mat¬ 
ter  of  degree  of  exposure  to,  and  immunity 
against,  the  infectious  agent  (10,  11,  12,  39,  60, 
79). 

Now  and  then,  one  does  find  evidence  suggest¬ 
ing  that  susceptibility  may  vary  with  other  factors, 
but  the  most  suggestive  evidence  comes  in  children 
with  mucoviscidosis.  These  children  seem  to  have 
at  least  average  capability  for  development  of 
antibodies  against  infectious  microorganisms, 
but,  in  spite  of  this,  become  infected  frequently 
and  tend  to  suffer  from  unusually  severe  infec¬ 
tions.  What  is  more  significant  is  that  their  in¬ 
fections  are  almost  exclusively  respiratory.  Here, 
the  facts  strongly  indicate  either  that  mucous 
membrane,  when  functioning  normally,  is  a 
potent  defen*  against  airborne  infection,  or  that 
there  is  some  other  now  unknown  factor  involved. 

To  document  any  possible  role  of  the  upper 
respiratory  tract  or  respiratory  mucous  mem¬ 
brane  in  general,  we  must  be  able  to  measure  air 
flow  and  mucociliary  activity  in  the  normal  hu¬ 
man  subject  and  in  the  patient  before  and  during 
respiratory  disea*.  Whether  or  not  naturally  oc¬ 
curring  respiratory  infections  are  most  commonly 
transmitted  through  airborne  droplets,  droplet 
nuclei,  or  direct  contact  has  not  as  yet  been  clearly 
established. 


The  techniques  reported  here  represent  a  be¬ 
ginning  toward  the  development  of  methods  ap¬ 
plicable  to  human  studies  aimed  at  the  eventual 
answer  to  these  questions.  When  applied  in  cir¬ 
cumstances  where  environmental  conditions  are 
carefUily  controlled,  and,  especially  when  the 
isotopes  are  delivered  in  airborne  suspensions 
comparable  to  naturally  occurring  aeroeok,  our 
knowledge  should  be  improved.  Now  it  should  be 
possible  to  determine  ranges  of  normal  (Unction 
in  man  of  all  ages,  variations  in  normal  function 
associated  with  environmental  change,  and  associ¬ 
ation  between  weft  variations  and  airborne  diaea* 

It  is  too  early  to  say  which  of  the  three  isotope 
techniques  thus  far  explored  is  most  use/Ul  or 
whether  some  other  method  may  prove  to  be  mare 
effecthw.  At  the  present  time,  it  appears  that  the 
serial  scans  are  moat  helpftil  in  picturing  the  path 
of  flow  and,  especially,  m  detecting  areas  of  poor 
clearance.  The  double  collimated  detector  seems 
moat  unftil  in  quantitating  speed  of  mucociliary 
flow  between  any  two  points.  The  single  detector 
is  the  simple*  mechanically. 

The*  same  techniques  are  also  applicable  to 
the  study  of  areas  of  deposition  of  the  isotope- 
labeled  airborne  particulates,  as  well  as  the  deter¬ 
mination  of  the  eventual  fete  of  those  deposited. 

At  present,  more  questions  regarding  the  upper 
respiratory  tract  and  mucous  membranes  have 
been  raised  than  answered.  Among  the*  are  the 
following. 

How  much  of  the  variability  already  noted  is 
really  “normal,”  and  to  what  degree  might  the 
extremes  of  the*  “normal”  variations  be  related 
to  infection  if  they  coincide  with  exposure?  What 
pathological  conditions  in  the  upper  respiratory 
tract  increa*  susceptibility  to  infection?  Are 
significant  variations  attributable  to  alterations  in 
ciliary  activity,  respiratory  tract  mucus,  or  both? 
How  are  the*  functions  affected  by  variations  in 
environmental  temperature  or  humidity,  emo¬ 
tional  stress,  endocrine  activity,  pharmacological 
agents,  etc.? 

When  the*  questions  are  clearly  answered,  re¬ 
search  in  the  field  of  airboir^.  discs*  may  be  more 
logically  directed  toward,  or  away  from,  the  upper 
respiratory'  tract  or  the  respiratory  mucosa,  or 
both. 

Summary  and  Conclusions 

Certain  questions  regarding  the  role  of  the 
upper  respiratory  tract  in  airborne  disea*  remain 
unanswered.  Among  the  most  urgent  are  the  fol¬ 
lowing.  What  airborne  materials  are  likely  to  be 
deposited  upon  the  respiratory  mucosa?  What 
factors  influence  their  removal  from  the  air  stream 
and  their  point  of  deposition?  What  is  the  fate  of 
materials  once  deposited  upon  mucosal  surfaces? 
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What  factors  influence  their  clearance,  not  only 
from  the  respiratory  tract,  but  from  the  body? 

Techniques  are  herein  reported  for  the  study  of 
the  respiratory  air  stream,  and,  through  the  ex¬ 
ternal  detection  of  radioisotopes,  for  the  study  of 
the  deposition  of  airborne  particles  and  their  mo¬ 
tion  in  the  respiratory  mucociliary  stream.  It  is 
hoped  that  pursuit  of  these  studies  may  cast  some 
light  on  the  transmission  and  pathogenesis  of  air¬ 
borne  disease. 
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Inihoouction 

Severe!  clinical  and  experimental 

**•  nwmel  defense  of  the  lung  against 

JSr .  affec,ed  by  «*X!E3 

^VxpoKd  •*■£!!?  S 

1  COfnPtet«  uodertUndma  of  tbm 

*pan“*l>  In  turn,  cer- 
abb  o  “**  to  IWAw  ‘hanged  are 

rS^,  °f  these  rnacSSw* 

lh“  "Port  presents  a  brfef  description  ~r 
wtjwtmenta1  methods  used  for  the  clSEE,  2 
Ujftmcuon  of  the  different  elimination  mech? 

Sjv-S  ««-  «n  experimental  set-up 
whereby  the  efficiency  of  the  various  mechankJ. 

elimination 
h^*"*  Mudied  ,n 

£2*%! SJSt* 

formed  with  nonpathogenic  bacteria  which  were 
cultured  from  die  mouths  of  the'anh 


Methods  and  Results 

of  ««**«*  far  10  min  to  a  flow 

of  radioactive  bacteria  in  a  monodisperse  aerosol 

to,  toSSlTt'™ "  »  to  to. 

Determined  by  use  of  baciefinifwrg  i  Bnj 

£STaPhiC  (l)teh^“«  B^SherS 

ex^li  lunes  atter  ,hc  exPosure  was 

reE£  “  ^  PCrC'nU,*e  <*  °*  number 

haf(erka  in  ,he  whole  lung 

rinula^^ZT^  “  *rindin*  '^hnique 
.mular  to  that  described  earlier  (6).  HoweveTto 

ensure  complete  lysis  of  phagocytes,  saponin  w« 

514 


loto!  atodta)  hid  In  ih.  totou 

StoJS  S6"  Ir*"*  KctotaSi.  toS 

oecrease  fairly  rapidly  from  these  whole  inn. 
fW»0on»  (Fig.  I,!  The  results 

artier  reports  As  thedS|!pJ«r. 

SSPOM.'ssaS 

U  wnh  MerlJe  *“line  by 

Z ,he  •*»■"»•*  of  La  Belle 
■nu  orteger  (4).  The  lungs  were  flushed  th~ 

via  the  trachea  with  10  ml  of»h^ 

|»m»c  condinont;  then  the  number  of  bacteria  in 
lhe  fluid  was  determined.  When  EvjJZ+Tlj? 

BocHlul  whkh 

*"J^e  Ptwent  m  the  normal  mouth  flora  were 

aaffvj!  -  «ezjs 

Z  ,™'**  m  "**  "Pal  was  more  rapid  than 

I)  if  saoorn  fr°m  ^  ,un«  P"P“rations  (Fig 
IL  ITsaponm  was  added  to  the  wash  out  fluid. . 

hrger  number  of  viable  bacteria  was  found  ir 
«*  -utoradiographic  lechniq*  was 

zriKr  (£  "•*» touid  *  ^in^S 

slamtardilS  ®T  trachea, 

with  res?ecl  lo  <™««h.  were  flushed 

,he  numher  of  viable  bacteria  was 

lhe  ^ few  hours 
po&urc  but  decreased  later  m  u/Km 

sapomn  was  added  to  the  trachrel  wash-ow^I 
«pnfic«m  increase  in  the  number  of  hacierm  was 
only  occasionally  found  (Table  I ) . 

Comments 

dJa'!La^K.findin*S  su“esl  'hB‘-  dwng  the 

that  lfe^h^T;|tPer,mC,U''  mOTt  of,he^  <■"*< 

!  ,he  mucus  are  carried  upwards 

wv  f  u  i!ng  V’1lhoul  Pr'«  Phagocytosis  The 
>  rapid  decrease  in  number  of  bacteria  found 
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in  the  wash  out  from  the  airways  it  apparently 
dependent  upon  the  mucut  transport.  As  viable 
tmcicrk  and  autoradiograph  icaUy  detectable 
bactcnu  could  be  expected  to  be  removed  by 
muu\  ui  identical  rates,  the  difference  (Fig.  2) 
indicate*  that  other  mechanisms  may  l«  involved. 

%  of 

imtiti  dose 


Although  the  wash  out  fluid  cannot  he  expected 
to  remove  all  bacteria  from  the  minor  airways 
and  alveoli,  the  prcxtwe  of  phagocyle*  in  the 
airway  wash-out  fluid  and  the  almost  complete 
absence  of  phagocytes  in  the  trachea  wash-out 
fluid  indicate  that  at  least  a  certain  number  of 
the  peripheral  airway*  are  subject  to  flushing 
with  removal  of  free  or  loosely  attached  phago¬ 
cytes.  The  difference  in  disappearance  rates  of 
viable  bacteria  and  autoradkicraphkaUy  detect- 

*/.  of 

initial  dost 


7  vovif* 

Fit.  I  Decrease  in  viable  bacteria  iEsrherichia 
colit  it  whole  lint) r  (X>  aikl  lit  aim-ay  wash-out  fink! 

(O) 


Flo.  2.  Number  of  Esrbrrk-bia  coli  present  in  air¬ 
way  wash-out  fluid  2  hr  after  exposure.  I'  *  viable; 
S  m  viable  after  saponin  treatment;  A  -  uutoradio- 
graphically  counted. 


Tcbli  1.  Number  of  viable  Escherichia  colt  cells  in  trachea  wash-out  fluid  before  and  after 

saponin  treatment 
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able  bacteria  from  the  airway  wash-out  fluids 
could  then  be  due  to  an  uptake  of  bacteria  by 
phagocytes,  whereby  the  bacteria  cannot  be 
cultured  but  are  autoradiographically  detect¬ 
able.  This  theory  is  supported  by  the  observed 
difference  in  removal  rates  of  viable  bacteria 
with  or  without  treatment  of  the  wash-out  fluid 
with  saponin.  The  increased  yield  of  bacteria 
when  saponin  is  added  to  the  fluid  indicates  that 
some  bacteria  initially  retain  their  viability 
when  within  or  adherent  to  the  phagocytes. 

The  reduction  in  the  number  of  bacteria  in 
airway  wash-out  fluids  is  thus,  apart  from  being 
a  determinant  of  mucus  trar  port,  also  due  to 
the  removal  of  bacteria  from  the  airways  by 
uptake  in  the  phagocytes. 

The  decrease  lit  number  of  viable  bacteria 
in  the  whole  lung  preparations  is  obviously  the 
combined  effect  of  mucus  removal  and  of  the 
bacteriocidal  effect  of  the  phagocytes. 

Another  elimination  niechan'sm  may  be 
considered,  namely,  the  removal  of  phagocytized 
bacteria  out  of  the  lung  via  an  interstitial  route. 
Cultures  from  blood  and  autoradiographic 
preparations  from  liver,  kidney,  and  spleen  did 
not  reveal  the  presence  of  any  bacteria,  thus 
excluding  the  possibility  that  direct  elimination 
via  the  blood  plays  a  major  role  in  the  present 
experiments  and  with  the  types  of  bacteria 
studied  here. 

To  be  able  to  test  the  elimination  mechanism 
discussed  here,  one  would  have  to  use  two  dif¬ 
ferent  organisms,  one  of  which  i  subject  to  only 
one  of  the  elimination  mechanisms.  Spores 
seem  to  be  suitable  for  this  purpose. 

The  efficiency  of  the  mucus  removal,  of  the 
phcgocytic  removal  from  the  airways,  and  of  the 
bactericidal  effect  of  the  phagocy  tes  in  the  lung 
can  thus  be  tester,  with  the  following  model 

The  animals  are  exposed  to  an  aerosol  con¬ 
taining  radioactive  spores  and  nonradioactive 
bacteria,  e.g.,  t.  coti.  The  reduction  in  tne 
number  of  spores  in  whole  lung  grinding  will 
then  give  an  estimate  of  the  capa  iiy  of  the 
mucus  removal.  The  reduction  in  the  number  of 
viable  bacteria  ir.  wash-out  fluids  from  the  air¬ 
ways  will  give  an  estimate  of  the  capeeity  of  the 
phagocytic  and  mucus  removal,  and  tlie  reduc¬ 
tion  of  viable  bacteria  in  whole  lung  grindings 


will  provide  an  index  of  the  bactericidal  activity 
of  the  phagocytes  in  the  lung  and  of  mucus  re¬ 
moval.  Effects  on  any  of  the  above  functions 
can  then  be  evaluated,  provided  that  the  three 
functions  are  tested  simultaneously  and  that  the 
effects  are  expressed  as  deviations  from  the 
normal. 

Preliminary  results  from  experiments  per¬ 
formed  with  the  above  model  indicate  that  the 
mucus  removal  during  the  first  2  hr  after  ex¬ 
posure  accounts  for  about  1591  of  the  total 
removal  under  the  experimental  conditions 
used.  This  rate  agrees  with  results  from  experi¬ 
ments  where  the  elimination  of  monodisperse 
plastic  aerosols  of  various  size  ranges  has  been 
followed  (Holma,  personal  communication).  Ex¬ 
periments  are  in  progress  wherein  the  possible 
effects  on  any  of  the  three  elimination  mechanisms 
discussed  above  of  continuous  exposure  to  low 
doses  of  SO?  and  to  dust  are  being  evaluated. 
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Introduction 

Initiation  of  respiratory  viral  infection,  v  ,» 
some  possible  exceptions,  appears  to  dtp  ■_ 
upon  deposition  of  infectious  virus  at  some  point 
on  the  respiratory  tract.  There  appear  to  be  two 
possible  mechanisms  of  transmission,  contact  or 
airborne.  The  former  term  is  meant  to  refer  to 
transfer  of  virus  by  physical  contact  between  an 
infected  and  a  susceptible  subject,  or  indirectly 
through  personal  articles  or  fomites  Trans¬ 
mission  by  this  route  would  result  in  deposition 
of  vims  predominantly  in  the  nasopharynx. 

Airborne  transmission  is  intended  to  mean 
transfer  of  infection  by  means  of  small-particle 
aerosols  (11,  16).  These  narticles  are  the  evap¬ 
orated  residues  of  infected  respiratory  secre¬ 
tions  which  >  re  of  such  small  size  (mostly  less 
5  u  in  diameter)  that  they  will  remain  air- 
b<  c  for  long  periods  of  time.  As  a  function  of 
their  small  size,  such  droplets,  when  inhaled, 

'  Present  address  Baylor  Universily  College  of 
Medicine.  Houston,  Tex, 

1  Presen i  address:  Washington  Universily  College 
of  Medicine,  5,.  Louis,  Mo. 


deposit  predominantly  in  the  lower  respiratory 
tract.  Particles  between  5  and  15  p  to  20  p  in 
diameter  represent  an  intermediate  stage,  and 
most  particles  in  this  size  range  will  be  trapped  in 
the  nose,  although  same  will  penetrate  to  below 
the  larynx.  (Lower  respiratory  tract  will  refer  to 
that  portion  of  the  respiratory  tract  below  the 
larynx.)  Still  larger  particles  may  be  produced 
by  coughing  and  sneezing,  etc.,  but  since,  be¬ 
cause  or  their  large  size,  they  do  not  produce 
stable  aerosols,  transmission  will  ordinarily 
occur  only  by  direct  'Ti  paction  on  the  naso¬ 
pharynx  of  persons  in  ure  immediate  vicinity  of 
an  infected  case.  Such  transmission  would  be 
difficult  to  distinguish  from  that  resulting  from 
contact,  and  is  best  considered  under  this  cate¬ 
gory. 

This  report  will  describe  studies  of  the  trans¬ 
mission  of  respiratory  viral  diseases  which  were 
a  joint  undertaking  of  the  U.S.  Army  Biological 
Laboratories,  Fort  Detrick,  Mil.,  and  the 
Laboratory  or  Clinical  Investigations,  National 
Institute  of  Allergy  and  Infectious  Diseases, 
Bwhesda,  Md. 
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The  first  pert  of  the  report  will  describe  an 
investigation  of  the  infectiousness  of  respiratory 
viruses  given  by  methods  which  attempt  to 
simulate  natural  contact  and  airborne  trans¬ 
mission,  namely,  nasal  drops  and  aerosols 
containing  virus.  Coxsackievirus  A  type  21,  a 
Strain  of  rhinovirus,  and  adenovirus  type  4  were 
used  in  these  studies. 

The  second  part  will  describe  recovery  of 
virus  from  natural  aerosols  produced  by  cough¬ 
ing  and  sneezing  and  from  air  of  rooms  con¬ 
taminated  by  such  discharges.  In  addition, 
preliminary  results  of  an  experimental  attempt  to 
transmit  respiratory  viral  infection  in  volunteers 
by  the  airborne  route  will  be  presented. 


Subjects  were  healthy  adult  male  inmates  from 
several  federal  correctional  institutions  and 
were  selected  on  the  basis  of  serum  antibody 
determinations,  willingness  to  participate,  and 
demonstration  of  good  health  For  studies  per¬ 
formed  at  the  Clinical  Center,  National  Insti¬ 
tutes  of  Health,  volunteers  were  isolated  two  or 
three  to  a  room  for  3  to  4  days  prior  to  inocula¬ 
tion  and  10  to  14  days  after  inoculation  Examina¬ 
tions  were  performed  daily  by  physicians  having 
no  knowledge  of  which  of  several  respiratory 
agents  was  administered  to  a  particular  volun¬ 
teer. 

An  experimental  transmission  experiment  was 
performed  at  the  Federal  Prison  Camp,  Eglin 
Air  Force  Base.  Fla.  Volunteers  were  housed  in 
a  convened  barracks  building,  and  were  evaluated 
before  inoculation  and  twice  daily  after  inocula¬ 
tion  by  physicians  who  knew  which  volunteer  was 
inoculated  and  which  was  an  exposed  susceptible. 
Complete  separation  of  the  two  groups,  as 
described  in  the  text,  was  carefully  maintained; 
however,  only  partial  separation  from  the 
remaining  camp  population  was  maintained. 


Virus  strains  used  in  these  studies  were  ob¬ 
tained  from  Marines  with  acute  respiratory 
at  Parris  Island,  S.C.,  or  Camp  Lejeune, 
N.C.  (through  the  courtesy  of  K.  M.  Johnson, 
H.  H.  Bloom,  and  R.  M.  Chanock).  Each 
inoculum  bed  been  passaged  once  or  twice  (see 
Results)  in  either  human  embryonic  kidney 
(HEK)  or  human  embryonic  fibroblast  (HEF, 
strain  WI-26)  tissue  cultures  (17).  The  harvests  in 
each  case  were  frozen  and  thawed,  pooled, 
centrifuged  at  1 ,000  x  g  for  20  min,  and  filtered 
through  800-nvi  membrane  filters  (Millipore). 


The  filtrates  were  stored  at  -60  C  until  used. 
Each  inoculum  was  safety-tested  for  adventitious 
agents  in  a  manner  previously  described  (19).  In 
addition  to  the  above  described  procedures,  the 
coxsackievirus  A  type  21  strain  48654  HEFa  was 
submitted  to  vacuum  concentration  and  tri- 
ftuortrichlorethane  (Gelman)  treatment.  Further 
details  of  these  procedures  have  been  described 
(6,  8,  9). 

Inoculation  Procedures 

Volunteers  received  aerosol  inoculation  by 
means  of  a  molded  rubber  face  mask  attached  to 
a  cylindrical  chamber  containing  a  continuous 
flow  of  aerosol  generated  by  a  Collison  ato¬ 
mizer.  Virus  was  approximately  10  sec  old  at 
the  time  of  inoculation.  This  equipment  and 
other  necessary  auxiliary  components  were  con¬ 
tained  in  a  mobile  truck  and  semitrailer  and  have 
been  previously  described  (15).  Each  man  in¬ 
haled  10  liters  (±5%)  through  the  nose,  and 
exhaled  by  mouth  into  a  discharge  bag.  Each 
inoculation  required  30  to  60  sec  and  usually 
followed  a  training  period  on  a  previous  day  with 
use  of  the  same  equipment.  The  size  of  particles 
in  the  aerosol  ranged  from  02  to  3.0  u  in  diam¬ 
eter.  Particles  1  to  2  it  in  diameter  comprised 
54 Co  of  the  total  particle  volume  and  contained 
68%  of  recoverable  virus.  Further  details  of  the 
aerosol  will  be  described  in  a  subsequent  report 
in  this  symposium  (14).  Aerosol  inoculations 
with  particles  15  u  in  diameter  were  performed 
with  the  same  equipment,  except  that  the  vibrating 
reed  method  of  Wolf  was  used  to  generate  the 
aerosol  (25).  Volunteer  doses  for  both  aerosols 
were  calculated  from  virus  assays  in  simul¬ 
taneously  collected  Shipe  impinger  samples  of  the 
aerosol. 

Nasopharyngeal  inoculations  were  performed 
by  the  instillation  of  0.25  ml  of  virus  inoculum 
into  each  nostril  of  the  volunteer  while  he  was 
prone.  This  inoculation  was  accompanied  by  a 
sensation  of  liquid  in  the  nose  but  not  by  a 
desire  to  expectorate  or  swallow.  In  addition, 
some  volunteers  received  0.5  ml  of  inoculum 
into  each  nostril  as  well  as  0.5  ml  sprayed  into 
each  nostril  by  a  no.  127  DeVilbiss  (12)  hand 
atomizer.  Studies  on  the  aerosol  produced  by 
this  atomizer  have  shown  that  99.95 .  c  of  the 
inoculum  is  contained  in  particles  greater  than 
5  u  in  diameter  and  most  would  be  deposited  in 
the  nasopharynx  ( unpublished  data). 

Collection  of  Cough,  Sneeze,  Talking .  and  Room 
Air  Samples 

Particles  produced  in  selected  expiratory- 
events  were  collected  for  size  analyses  and  virus 
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assay.  In  addition,  room  air  samples  were 
collected  in  a  large-volume  air  sampler  Descrip¬ 
tion  and  analysis  of  the  methods  used  will  also 
lie  described  in  a  subsequent  report  in  this 
symposium  (14). 

Virus  loiutions  and  Identification  Procedures 

Specimens  obtained  varied  with  the  virus  being 
studied  but  included  nose,  throat,  and  anal 
swabs,  nasal  washes,  and  expectoration  speci¬ 
mens.  Specimens  were  collected  prior  to  and 
subsequent  to  inoculation.  Expectoration  speci¬ 
mens  were  stored  in  that  form  until  tested.  Nasal 
washes  were  performed  with  10  ml  of  Veal 
Infusion  Broth  (Difco)  containing  0.5',  bovine 
albumin  with  antibiotics;  swabs  were  agitated  in 
2  ml  of  this  medium  and  then  discarded.  All 
specimens  were  stored  at  -20  C  until  tested. 
Testing  for  virus  was  performed  by  inoculating 
0.4  ml  of  specimen  fluid  into  one  HEK  and  HEF 
tissue  culture  tube  that  contained  1 .5  ml  of  equal 
parts  of  medium  199  and  Eagle’s  MEM,  2' , 
inactivated  calf  or  chicken  serum,  and  anti¬ 
biotics.  The  cultures  were  incubated  in  a  r oiler 
drum  turning  at  12  rev/min  at  33  to  34  C  and 
were  observed  for  cytoputhic  effect  (CPE).  This 
observation  period  was  14  days  for  coxsackie¬ 
virus  A  type  21  and  rhinovirus  NIH  1734,  but  60 
days  for  adenovirus  type  4.  All  the  latter  studies 
were  performed  in  HEK  cultures.  Tissue  culture 
fluid  and  cells  were  harvested  when  CPF  in¬ 
volved  75  to  100' ,  of  the  cell  sheet.  For  cox¬ 
sackievirus  A  type  21  and  adenovirus  type  4,  the 
first  and  last  isolates,  as  well  as  intervening 
isolates,  when  indicated,  were  identified  by 
hemagglutination-inhibition  (HI)  with  20  anti¬ 
body  units  of  specific  hyperimmune  guinea  pig 
serum  or  rabbit  serum.  HEF  cultures  were  used 
for  identification  of  comparable  specimens  of 
rhinovirus  NIH  1734  by  neutralization  of  32  to 
100  tc  iom,  of  virus  with  specific  hyperimmune 
guinea  pig  serum.  Further  details  of  these 
procedures  have  been  repotted  (6,  8,  9). 

Serological  Tests 

Serial  fourfold  dilutions  of  inactivated  serum 
were  tested  for  neutralizing  antibody  for  each 
virus  by  mixing  eq.ial  volumes  or  the  serum 
dilution  with  a  test  dose  of  virus,  incubating  ut 
room  temperature,  inoculating  each  of  two  tissue 
culture  tubes  with  0.2  ml  of  the  mixture,  and 
observing  thereafter  for  CPE. 

All  neutralizing  antibody  titers,  calculated  by 
the  method  of  Karber,  are  expressed  as  the  initial 
dilution  of  serum  completely  inhibiting  CPE  of 
32  to  100  TciDsc  of  coxsackievirus  A  type  21  and 
adenovirus  type  4,  but  10  to  16  tcidm  of  rhino¬ 


virus  NIH  1734.  Further  details  of  the  proce¬ 
dures  have  been  reported  (6,  8,  9,  13). 

Results 

Response  to  Inoculation  with  Aerosol  and  Nasal 
Drops 

Coxsackievirus  A  type  21:  SO',  human  in¬ 
fectious  doses  (hid*,).  Volunteers  free  of  detect¬ 
able  antibody  were  inoculated  with  a  range  of 
doses  of  coxsackievirus  A  type  21  by  small- 
perticlc  aerosol  (diameter  of  particles.  0  3  to  2.5 
M>,  large-pertictc  aerosol  (diameter  of  particles, 
15  p),  and  nasal  drops  (0.25  ml  in  each  nostril). 
An  example  of  the  type  of  response  obtained  is 
shown  in  Table  1.  Twenty-eight  volunteers 
received  strain  49889  HEKt  in  a  small  particle 
aerosol,  and  18  became  infected.  The  doses, 
number  of  volunteers  who  received  each  dose, 
and  the  number  who  became  infected,  as  deter¬ 
mined  by  virus  isolation  and  antibody  rise,  are 
shown.  Based  on  these  findings,  the  hidm  for  this 
inoculum  administered  in  this  way  corresponds  to 
28  tciDm  (Spearman  Karber  method;  13).  Only 
two  of  the  infected  volunteers  failed  to  develop 
illness,  indicating  that  the  50' ,  infectious  dose 
and  50'  ,  illness  dose  are  nearly  the  same. 

In  this  experiment,  three  volunteers  developed 
unexplained  mild  cases  of  rhinitis.  Experience 
with  over  300  volunteer  inoculations  indicates 
that  such  an  illness  is  recorded  in  about  15^  of 
uninfected  individuals.  The  phenomenon  occurs 
even  though  virus  is  inactivated  with  specific 
hyperimmune  serum,  in  men  with  all  levels  of 
serum  antibody,  and  irrespective  of  virus  type  or 
materials  and  methods  used  for  inoculum  prep¬ 
aration  (8).  Attempts  to  isolate  a  causative 
agent  in  HEK,  HEF,  and  rhesus  monkey  kidney 
tissue  cultures  have  been  unsuccessful. 

The  hidm  for  strain  49889  HEKi  and  another 
inoculum  (strain  48654  HEFj)  of  coxsackievirus 

Table  I.  Response  of  antibody-free  volunteers 
inoculated  with  0.3  to  2.5-p  particle  aerosol  of 

coxsackievirus  A  type  21  I strain  4V88V  HEK,  i* 

Xo  Vo  infrttH  X.r  ill 

832  I  I  1 

676  3  3  2 

316  3  3  3 

83  2  2  2 

71  5  5  4 

47  4  3  3 

18  4  I  T 

6 _ 6 _ O _ y _ 

•  mn,„  -  28  tcid.i. 

'  Three  cases  of  afebrile  URI  uithoul  infection. 
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Ta*-  e  2.  HiDu i  for  coxsackievirus  A  type  21 


Inoculum 

Inoculation  method 

| 

Vo.  of 
volunteers 

Vo. 

infected 

■tew 

*5%  Confi¬ 
dence  limits 

Strain  49889  HEK,* 

Aerosol,  0.3  to  2.S-* 
particles 

28 

18 

28  TriD19 

15  49 

Strain  48654  HEF,‘ 

Aerosol.  0.3  to  2.5-a 
particles 

14 

8 

34  rciD„ 

22  52 

Aerosol,  15-m  particles 

i  » 

12 

32  tnou 

13-78 

Nose  drops 

.  14  i 

7  I 

6  rnuao 

3-13 

•  One  passage  in  human  embryonic  kidney  tissue  cultures. 

*  Two  passages  in  human  embryonic  fibroblast  tissue  cultures. 


Table  3.  Clinical  response  of  antibody-free  ralnmeers  lo  coxsackievirus  A  type  21 


Inoculum 

Inoculation 

method 

No.  of 
volunteer* 

Xc 

infected 

N>.  .11 

Predominant  illnrM 

Afebrile  Kehrilr  1  Febrile 
URI"  LRI  I.R1* 

Strain  49889  HEK.,' 

.  Aerosol, 0.3  to 

28 

18 

16 

i 

3 

12 

2.5 -m  particles 

Coarse  spray  and 

13 

13 

8 

2 

6 

nose  drops 

} 

Strain  48654  HEF," 

Aerosol.  0.3  to 

14 

8 

8 

i 

7 

2.5-a  particles 

Aerosol,  15 -a 

29 

12 

11 

i 

8 

> 

particles 

Nose  drops 

14 

7 

5 

i  ^ 

3 

*  Upper  respiratory  tract  illness. 

*  Lower  respiratory  tract  illness. 

*  One  passage  in  human  embryonic  kidney  tissue  cultures. 

*  Two  passages  in  human  embryonic  fibroblast  tissue  cultures 

A  type  21  administered  by  each  of  the  described  would  be  retained,  and  the  majority  would  be 

methods  in  shown  in  Table  2.  As  can  be  seen,  the  trapped  in  the  nose,  one  would  expect  the  hiom 

hidh  is  virtually  identical  for  the  three  aerosol  by  this  route  of  inoculation  to  be  similar  to  thut 

titrations;  however,  for  virus  administered  by  obtained  by  nasal  drops.  No  explanation  is 

nasal  drops,  it  is  about  fivefold  less.  Natural  presently  available  for  the  observed  difference, 

virus  (virus  recovered  from  naturally  infected  The  clinical  responses  that  correspond  to  the 
individuals,  but  not  cultivated  in  vitro)  ad-  strains  and  inoculation  methods  in  Table  2  are 

ministered  by  small-particle  aerosol  (not  shown)  shown  in  Table  3.  In  addition,  the  responses  to 
produced  infection  in  one  of  two  volunteers  at  a  3,000  tcidm  of  strain  49889  HEK,  administered 

dose  of  28  Tt'tDjd,  and  in  none  of  six  who  received  to  the  nasopharynx  by  coarse  spray  and  drops  are 

7  tcid*.  suggesting  a  similar  degree  of  in-  included  (22).  The  frequencies  of  occurrence  of 

fretivity  (8).  illness  in  each  of  the  five  categories  were  not 

The  HtDuj  for  each  aerosol  inoculum  is  based  significantly  different.  As  can  be  seen,  the  pre- 

on  inhaled  virus.  Available  information  indicates  dominant  clinical  response  to  strain  49889 

that  only  30  to  73' ,  of  particles  of  the  size  range  inoculated  by  smail-parlkle  aerosol  was  febrile 

in  the  small-particle  aerosol  would  be  retained  lower  respiratory  tract  illness.  All  12  volunteers 

and  that  the  majority  of  these  would  deposit  in  with  this  response  were  clinically  diagnosed  as 

the  lower  respiratory  tract  (11,  16).  This  indi-  having  acute  tracheobronchitis.  The  pertinent 

'•ates  that  the  true  hidm  for  the  inocula  ad-  data  obtained  on  a  volunteer  from  a  more  recent 

ministered  in  this  way  is  appreciably  less  than  experiment,  but  typical  of  the  syndrome,  are 

that  indicated  in  Table  2.  All  of  the  nasal  drop  shown  in  Fig.  I.  Characteristic  of  this  syndrome 

inoculation  was  retained,  and  therefore  the  was  the  occurrence  of  pain  in  the  neck  (tracheal) 

hiUj.,  Tor  this  method  corresponds  to  the  hiom  and  chest,  the  latter  usually  being  suhsternal. 

given  in  the  table.  Since  virtually  all  15 -p  particles  Cough,  often  paroxysmal,  was  usually  non- 
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Fig.  I.  Case  report  of  an  antibody-free  volunteer 
inoculated  with  coxsackievirus  A  type  21  by  small- 
particle  aerosol . 

productive,  although  auscultation  of  the  chest 
occasionally  revealed  scattered  r  hone  hi,  and,  in 
two  cases,  there  was  X-ray  evidence  of  pneu¬ 
monia.  These  lower  respiratory  tract  symptoms 
were  accompanied  by  malaise,  myalgias,  chilly 
sensations,  sweats,  headache,  and  anorexia. 
Illness  was  not  limited  to  the  lower  respiratory 
tract,  however,  since  9  of  the  12  volunteers  with 
tracheobronchitis  also  had  upper  respiratory 
tract  illness  that  was  characterized  by  rhinorrhea 
and  nasal  obstruction.  Four  of  the  remaining  six 
infected  volunteers  had  upper  respiratory  tract 
illness  only,  and  the  other  two  had  infection 
without  apparent  illness. 

In  contrast  to  the  small-particle  aerosol 
response,  8  of  13  volunteers  who  received  naso¬ 
pharyngeal  inoculation  developed  upper  respira¬ 
tory  tract  (nasopharyngeal)  illness  only.  The  fact 
that  virus  was  deposited  in  the  nasopharynx  in 
this  case  and  predominantly  in  the  lower  respira¬ 
tory  tract  in  the  former  suggested  that  virus 
deposition  site  accounted  for  this  difference  and 
that  it  might  be  the  factor  that  determines  the 
clinical  response.  However,  when  strain  48654 
was  administered  by  small-particle  aerosol,  the 
lower  respiratory  tract  illness,  which  was  char¬ 
acteristic  of  strain  49889  given  in  (his  way,  was 
not  seen.  The  predominant  clinical  response  to 
strain  48654  in  a  small-particle  aerosol  was 
febrile  upper  respiratory  tract  illness  (Table  3), 
Thus,  virus  deposition  site  and  inoculum  dif¬ 
ferences  both  appeared  as  important  factors  in 
determining  the  type  of  clinical  response. 

Febrile  upper  respiratory  tract  illness  was  also 
the  predominant  clinical  response  for  strain 
48654  administered  by  15-ji  particle  aerosol  and 
by  nasal  drops  (Table  3).  Not  shown  are  clinical 
responses  to  natural  virus  and  to  still  another 
strain  of  virus  administered  by  small-particle 


aerosol  (8,  20)  For  these  inocuia.  febrile  upper 
respiratory  tract  illness  also  predominated.  This 
combined  experience  suggests  that  virus  deposi¬ 
tion  site  may  he  an  important  factor  in  deter¬ 
mining  the  type  of  clinical  response  that  occurs. 
However,  for  coxsackievirus  A  type  21,  most 
strains  appear  to  lack  the  capability  of  producing 
lower  respiratory  tract  illness  when  presented 
such  an  opportunity  by  virus  deposition  at  this 
site. 

In  all  other  aspects,  the  clinical  responses  were 
similar  for  each  inoculum  and  inoculation 
method.  The  incubation  period  was  2  to  3  days, 
illness  usually  lasted  2  to  3  days,  fever  rarely 
exceeded  38.5  C,  and  fever  usually  persisted  less 
than  1  day. 

The  effect  of  pre-existing  serum  neutralizing 
antibody  on  the  responses  following  inoculation 
of  volunteers  with  coxsackievirus  A  type  21 
(strain  49889)  has  not  been  completely  evaluated, 
but  the  data  available  are  shown  in  Table  4.  As 
can  be  seen,  all  individuals  with  intermediate 
titers  of  antibody  were  infected  after  naso¬ 
pharyngeal  inoculation,  but  infection  occurred  in 
only  5  out  of  11  with  high  titers.  A  similar 
suggestion  of  reduction  in  infection  also  occurred 
in  the  small-particle  aerosol  groups. 

Rhino vinu  NIH  1734:  Volunteers  free 

of  detectable  antibody  to  this  virus  were  inocu¬ 
lated  with  a  range  of  doses  of  rhinovirus  NIH 
1734  by  small-particle  aerosol  and  by  nasal  drops. 
The  hidm  Tor  each  inoculation  method  is  shown 
in  Table  5.  Nasal  drop  doses  of  1  ttidm  and  less 
were  extrapolated  values  based  on  dilutions  of  a 
pool  with  known  virus  concentration,  and 
aerosol  doses  of  2  and  less  were  extrapolated 
from  measured  concentrations  of  virus  in  aerosols 
produced,  during  the  inoculation  period,  by 
higher  concentrations  of  virus.  Repeated  tests  of 
several  dilutions  of  virus  run  in  sequence  have 
been  shown  to  produce  proportionate  changes  in 
aerosol  virus  concentration.  Assays  for  virus  were 
performed  in  HFF  (WI-38)  tissue  cultures,  in  a 

Table  4.  Response  of  volunteers  with  pre-existing 

antibody  to  inoculation  with  coxsackievirus  A  type  2! 

- - 

I  N4*Jivh*rynfr*l  Aerosol,  O.J  10  3  J  g 


u'ih°d>  I  No  or  No.  ..  No  rtf  X... 

1  volun-  in-  volun  •  in*  |  jJJ' 
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*  Each  illness  was  mild  rhinitis. 
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Table  5.  hi  the  for  rhinovirus  NIHI7J4 
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or 

0  2-2  0 

•  Indicates  no  Intcfiwdiaic  mpnnM  Bcrtncen  10O  and  U'r 
Inftctkm. 

muter  described  previously  (6).  Other  types  of 
«Un»  culture  [HEK.  and  HEF  (WI-26))  and 
tissue  culture  assay  [HEF  (WI-38)  plaque  as»y] 
were  tested  and  found  to  be  equal  to  or  less  sensi¬ 
tive  thnn  the  cultures  and  methods  used. 

As  can  be  seen  in  Table  5,  the  hid*  for  both 
inoculation  methods  was  below  the  practical 
limits  of  detection.  Failure  to  infec*  all  volunteers 
with  small-particle  aerosol  inoculation  first 
occurred  at  an  inhaled  dose  of  2  tcid*.  and  none 
of  three  who  inhaled  006  tcid*  btcatne  in¬ 
fected.  The  hid*  far  thb  inoculation  method  was 
0.68  rt  tOw  (Spearman  Karber;  13).  In  contrast, 
all  volunteers  who  received  01  tcid*  by  nasal 
drops  became  infected,  although  none  became 
infected  at  two  lower  doses  The  hid*  far  this 
method  corresponded  to  0.032  mo,,.  These 
results  indicate  an  approximately  20-fold  dis¬ 
parity  between  mfectivity  for  the  vitus  given  by 
the  two  methods.  The  disparity  could  be  ac¬ 
counted  for  by  assuming  that  tl*  10  to  20' ,  of 
small-particle  aerosol  particles  that  deposit  in 
the  nasopharynx  are  responsible  for  all  infection 
in  volunteers  inoculated  in  this  way.  However, 
the  fact  that  this  is  not  the  case  is  suggested  by 
the  occurrence  of  lower  respiiatory  tract  illness 
in  some  of  these  volunteers.  In  any  event,  the 
data  suggest  that  the  nasal  mucosa  is  somewhat 
more  susceptible  to  rhinovirus  N1H  1734  than  is 
the  lower  respiratory  tract.  Although  ihe  dif¬ 
ference  was  less  for  coxsackievirus  A  type  21, 
it  was  similar  in  direction. 

The  clinical  responses  of  ah  volunteers  who 
have  received  cither  nasal  or  small-purlicle 
aerosol  inoculation  with  rhinovirus  N1H  1734 
are  shown  in  Table  6.  As  can  be  seen,  the  char¬ 
acteristic  response  to  either  method  of  inocula¬ 
tion  is  an  upper  respiratory  tract  illness  which  in 
all  respects  is  a  common  cold.  The  pertinent 
data  obtained  from  one  of  the  volunteers  inocu¬ 
lated  by  nasal  drops  are  shown  in  Fig  2  His 
response  consisted  of  a  common  cold  syndrome 
characterized  bv  nasal  obstruction  and  discharge, 
and  was  accompanied  by  throat  irritation  and 
systemic  symptoms.  The  extent  of  the  rhinoerhea 


Table  6.  Clinical  response  of  volunteers  to 
inoculation  with  rhinovirus  NIH  IIS4 
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<  Upper  tnd  lower  respiratory  tract  illness. 


is  shown  in  the  figure.  Fever  was  absent  in  thb 
volunteer  and  occurred  in  less  than  10' ,  of  the 
volunteers,  regardless  of  method  of  inoculation. 

As  can  be  seen  in  Table  6,  tower  respiratory 
tract  illness  (acute  tracheobronchitis)  was  pre¬ 
dominant  in  live  volunteers  who  received  small- 
particle  aerosol  inoculation,  and  diffase  respira¬ 
tory  tract  disease  without  a  predominant  localiza¬ 
tion  was  seen  in  five  Others.  Predominant  lower 
respiratory  tract  illness  was  not  seen  in  men 
inoculated  by  nasal  drops,  although  two  volun¬ 
teers  exhibited  a  combination  of  upper  and  lower 
respiratory  tract  illness.  These  findings  suggest 
that  aerosol  inoculation  may  produce  lower 
respiratory  tract  involvement,  but  the  char¬ 
acteristic  response  to  infection  produced  by 
either  method  is  an  upper  respiratory  tract  ill¬ 
ness. 

The  incubation  period  of  the  illness  produced 
by  both  inoculation  methods  was  2  to  4  days,  the 
illness  usually  lasted  2  to  3  days,  and  fever,  when 
it  occurred,  was  usually  1  day  »n  duration. 

The  effect  of  pre-existing  serum  neutralizing 
antibody  on  responses  to  inoculation  with 
rhinovirus  NIH  1734  is  shown  in  Table  7.  As 
can  be  seen,  no  significant  reduction  in  frequency 
of  infection  occurred  unless  high  levels  of  serum 
antibody  were  present.  This  reduction  in  fre¬ 
quency  of  infections  occurred  for  both  methods 
of  inoculation  and  was  accompanied  by  a  similar 
reduction  in  illnesses.  [Data  are  grouped  for 
convenience.  Individual  values  were  tested  *n 
Spearman’s  rank  correlation  or  Yates  mean 
score  tests  (13).  Reduction  in  infection  and  ill¬ 
ness  with  increasing  serum  antibody  was  statis¬ 
tically  significant  (P  <  0  05)  for  both  inocula¬ 
tion  methods! 

Adenovirus  type  4:  Nine  volunteers 

free  of  delectable  antibody  to  adenovirus  type  4 
received  small  doses  of  this  virus  by  small- 
particle  aerosol.  Six  volunteers  received  the  virus 
by  15  m  particle  aerosol.  The  results  of  these 
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Fn i.  2.  Case  report  of  an  antibody-free  volunteer  inoculated  with  rhino  virus  NIH  1 734  by  course  spray  and  nasal 
detips.  iRepruJocetl  with  the  permission  of  the  Journal  of  Clirnrt.1  Investigation.) 


studies  are  shown  in  Table  8.  As  can  be  seen, 
all  volunteers  who  received  doses  of  II  and 
5  tciom  by  small-particle  aerosol  became  in¬ 
fected,  but  only  one  out  of  three  became  infected 
at  a  dose  of  I  r  ->M.  Other  volunteers  were 
inoculated  in  this  way,  and.  although  the  data  are 
incomplete,  the  studies  indicate  that  the  hio* 
for  small-particle  aerosol  inoculation  is  about  1 
TclDs*.  It  should  be  stated  that  these  virus  assays 
were  performed  in  HEK  tissue  cultures,  the  most 
sensitive  tissue  available  for  adenovirus,  and  the 
cultures  were  observed  for  60  days  for  CPE  with 
subpassage  as  needed.  This  time  period  was 
shown  to  provide  maximal  detection  of  adeno¬ 
virus  (9). 

Only  one  dose  level  of  adenovirus  type  4  has 
been  administered  by  13-a  particle  aerosol,  and 
this  was  1,000  tcidm.  All  six  volunteers  who 
received  this  dose  became  infected.  Preliminary 
results  on  inoculation  of  volunteers  by  nasal 
drops  indicate  that  the  hidm  by  this  method  is 
about  20  Tc  tow.  This  combined  experience  with 
adenovirus  type  4  suggests  that  a  greater  dose  of 


T*au  7.  Response  of  volunteers  with  pre-existing 
amihody  to  inoculation  with  rkinovirus  NIH  1734 
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illnesses  varied  between  6  and  13  days,  duration 
of  illness  varied  between  2  and  10  days,  and  fever 
between  1  and  8  days.  In  addition,  the  severity  of 
illness,  as  manifested  in  respiratory  tract  involve¬ 
ment  and  constitutional  symptoms,  also  was 
quite  variable.  Upper  respiratory  tract  findings 
occurred  in  all  men  in  the  15-m  particle  aerosol 
group,  whereas  this  finding  was  variable  in  the 


this  virus  is  required  to  initiate  infection  in  the  small-particle  aerosol  group.  The  pertinent  data 


nasopharynx  than  in  the  lower  respiratory  tract 
Also  shown  in  Table  8  are  the  clinical  responses 
seen  in  the  volunteers  inoculated  by  aerosol.  As 
can  be  seen,  all  volunteers  infected  by  means  of 
sma II  particle  aerosol  inoculation  became  ill, 
and  the  illness  was  usually  febrile.  Three  volun¬ 
teers  had  predominantly  upper  respiratory  tract 
illness,  and,  in  three  others,  illness  was  pre¬ 
dominantly  in  the  lower  respiratory  tract.  The 
latter  included  one  instance  of  mild  pneumonia. 
Only  three  of  the  six  volunteers  infected  by  15m 
particle  aerosol  inoculation  became  ill,  two  with 
febrile  upper  respiratory  tract  illness  and  one 
with  pneumonia.  The  incubation  period  for  these 


obtained  on  one  of  the  volunteers  who  exhibited 
the  syndrome  described  as  acute  respiratory 
disease  (AKD)  of  military  recruits  are  shown  in 
Fig.  3.  Bacteriological  cultures  were  negative  for 
pathogens,  and  spontaneous  recovery  occurred 
without  antibiotic  therapy. 

It  is  notable  that  the  syndromes  of  febrile 
respiratory  tract  illness  that  occurred  after  aerosol 
inoculation  resemble  the  naturally  occurring  ’  : 

4  adenovirus  diseases  of  military  recruits  7, 
21).  Previous  studies  by  others,  in  which  volun¬ 
teers  were  inoculated  in  the  nasopharynx,  usually 
resulted  in  asymptomatic  infection  or  mild 
afebrile  upper  respiratory  illness  ill.  lnocula- 
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Tasli  8.  Response  of  antibody-fret  volunteers  to  adenovirus  type  4 
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Fig.  3.  Cast  report  of  art  antibody-free  volunteer  Inoculated  with  adenovirus  type  4  by  U-p  particle  aerosol 
White  blood  ttll  counts  are  timrs  IV  per  cm.  I  Reproduced  with  the  permission  of  the  American  Review  of  Respir¬ 
atory  Diseases,  t 


tions  into  the  conjunctival  sac  resulted  in  oc¬ 
currence  of  conjunctivitis  only  or  pharingo¬ 
conjunctival  fever,  illnesses  which  rarely  occur 
naturally  in  type  4  infection,  and  which  were  not 
seen  in  the  present  studies  (I).  These  findings 
suggest  that  the  unique  feature  of  the  present 
inoculations,  drpjsition  of  virus  in  the  lower 
respiratory  tract,  was  the  major  factor  accounting 
for  the  recn^it  type  illnesses.  This  is  supported 
by  the  fact  that  small  doses  of  virus  given  by 
small  panicle  aerosol  produced  illness  in  all 
volunteers  infected  by  this  method  of  inoculation, 


whereas  the  large  dose  given  by  13-p  particle 
aerosol  caused  illness  in  only  three  of  six  infected 
men.  Evidence  indicates  that  most  of  the  13  p 
particles  were  deposited  in  the  upper  respiratory 
tract,  but  the  possibility  exists  of  deposition  in  the 
lower  respiratory  tract  either  by  direct  inhalation 
or  as  a  result  of  particle  fragmentation  (16)  It  is 
suggested  that  in  three  men  this  occurred  and 
caused  febrile  illness. 

Three  volunteers  with  pre-existing  antibody 
titers  of  1 : 32  to  1 : 64  received  6  tcidh  by  small- 
particle  aerosol,  and  none  hecame  infected  or  ill 
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Intx-uiations  of  volunteers  with  pre-existing  anti- 
«°dy  into  the  nasopharynx  or  conjunctival  ac 
y  others  have  also  demonstrated  the  protective 
eUeci  of  verum  antibody  (I). 
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Evidence  Jar  Airborne  Transmission 

Detect  km  oj  virus  in  particles  produced  6y 
ctmgfunp,  sneezing,  and  normal  expiration.  By  uie 
of  method*  i  14)  for  recovery  of  virus  from  par- 
hek*  pnxfcjoed  by  coughs  and-  mean,  virus 
titration  was  carried  out  on  61  cough  collections 

'll""  toUec,ioni  from  volunteers  in¬ 
fected  wuh  coxsackievirus  A  type  21  (Table  9). 
Tha  collection  method  involved  coughing  or 
•nwnng  into  a  collapsed  weather  balloon  through 
•  tight -litung  lace  me*.  The  air  in  the  twlkvon 
was  ew.ua ted  though  a  Shipe  impinger  t0 
remove  a:rborr  .•  panicles,  and  material  impacted 
on  the  wall  ot  the  balloon  was  collected  by  rins¬ 
ing  with  sterile  tissue  culture  fluid.  When  the 
results  of  both  samples  were  combined,  39' .  of 
cough  specimwis  and  50',  of  sneeae  specimens 
were  postuve  for  virus.  Thirty  per  cent  of  air 
samples  were  positive  for  both  events,  and  the 
mean  quantity  present  was  30  tcid,.  and  60 
tciom  for  cough  and  sneeze  samples,  respectively. 
Thu  close  similarity  in  results  it  of  interest  in 
view  of  the  approximately  20-fold  greater  number 
of  particles  and  panicle  volumes  produced  by 
xtwenng  iI4j,  This  finding  suggests  that  the  con 
contrition  of  virus  in  secretions  released  in  small 

STr?*C_^J?r0^ed  by  cou«hir‘«  «  greater  than 
inat  produced  o>  sneezing. 

Analysis  of  balloon  wall  samples  revealed  a 
disparity  between  the  two  events.  Wall  samples  of 
sneeres  were  more  frequently  positive  than  the 
wall  samples  of  coughs,  but  the  mean  quantity 
present  was  only  twofold  greater.  However,  the 
mean  quantity  of  virus  present  in  the  wall  samples 
from  sneezes  does  not  include  four  sneezes  in 
winch  gross  contamination  with  larp  quantities 

Tabu  v  linn  recover,  from  particles  in  coughs 
umJ  sneeze.,  prefaced  hy  volunteers  injected  u  nit 
_ _ coxsackievirus  A \type  ft 
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oJjimoI  secretion  occurred  The  wall  samples  of 
•jJfWjMfews  contained  30,000  t0  500,000  icid* 
of  virus.  The  reasons  lor  the  disparity  in  ft* 
f  detertion  of  virus  on  the  balloon  wall 
!®Jhe  ,wo  *vfiu  ***  n«  known  at  the  present 
tune,  since  studies  hive  revealed  similar  particle 
me  distribution*  for  both  events  (12,  14) 

tested  by  collecting 
^emtire  amount  of  expired  sir  in  Shipe  in? 
Pj^ws  through  a  closed  system  for  30-mrn 
Itenods.  Tms  testing  constituted  wnplina  of 

2  hfkf*r  fr«»  fouMnfett* 
volunteers  during  the  period  Hat  included  oc- 
cttf.«M;  of  illness  and  maximal  virus  thudding.  A 
volume  equivalent  to  12  hr  of  expiradair  w*s 
tested  in  this  way,  and  all  samples  were  neative 
for  virus.  ^ 

A  number  of  factors  were  evaluated  to  deter - 
mme  the  cause  for  virus  release  in  the  process  of 
cou*hln*  «*  sneezing  These  evaluations 
,h“  ,he  •****"<*  of  nasal  obstruction 
end  discharge  was  the  most  important  deter¬ 
minant  for  release  of  virus  when  infected  persons 
sneeze  (with  nasal  obstruction  and  discharge  19 
of  .4  sneeze  samples  were  positive;  without  nasal 
obstruction  and  discharge,  1 1  of  34  samples  were 
powuve  (#•  <  0.001)].  In  contrast,  positive  cough 
specimen*  bore  a  relationship  only  to  the  quantity 

^V‘nLS.  P“T"1  w  nes*w«‘«y  secretions,  and 
thu  relationship  occurred  for  air  samples  only 
[combined  nasal  and  oral  secretions,  Yales  mean 
score,  test,  P  -  0.05  (13)].  Since  cough  panicles 
^Wpresuniebly  be  derived  from  pharyngeal 
lower  respiratory  secretions,  it  is  suggested 
that  the  concentration  of  vims  in  there  secretions 
verted  proportionately  with  the  secretions  tested. 

hrus  in  room  air.  The  contribution  to  room 
air  cocnarrv nation  by  coughing,  sneezing,  and 
POMtWy  by  other  expiratory  plienomefia  of  man 
involves  frequency  and  occurrence  of  the  phe- 
momenon,  inactivation  of  virus,  and  phy  sical  loss 
£*rth-  ,cs'  in  addition  to  quantity  of  virus 
reteased.  The  significance  of  the*  factors  in 
ttetemuning  environmental  contamination  uns 
tested  by  collecting  panicles  present  in  the  air  of 
rooms  occupied  by  volunteers  infected  with 
cwsackievirus  A  type  21  and  then  assaying  the 
collections  for  virus. 

The  large  volume  air  sampler  was  used  io 
collect  particles  from  approximately  70' ,  of  room 
air  after  a  period  of  2  hr  with  no  ventilation. 
Shown  in  Tab*e  10  are  the  results  of  testing  30 
such  samples  collected  during  the  acute  phase  of 
illness  and  maximal  virus  shedding  Of  ihe  to 
samples.  14  were  positive,  and.  as  cache  seen,  the 
frequency  of  positive  samples  inneased  with 
increasing  quantity  of  virus  present  in  respiratory 
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secret  torn  |  Smirnoff  lest.  P  <  0.01  (U)|.  The 
mom  virus  quantity  in  positive  samples  is  shown 
in  the  last  column  and  was  auTkiemly  variable 
»  that  no  quantitative  relationship  to  virus  in 
respiratory  secretions  was  delected,  although  it  is 
of  interest  that  the  largest  quantity  present  in 
room  air,  28,000  kid*  was  in  the  room  with 
the  highest  virus  concentration  in  secretions. 

Since  both  positive  cough  and  room  air 
samples  were  related  to  quantity  of  virus  in 
respiratory  secretions  of  infected  volunteers,  it 
was  suggested  that  coughing  was  retponvhlp  for 
contamination  of  room  air  with  virus  When  the 
results  were  analyzed  by  room,  it  was  found  that 
the  presence  of  virus  in  cough  air  samples  from 
volunteers  occupying  a  room  was  significantly 
related  to  the  recovery  of  virus  from  the  air  of  that 
same  room  on  the  same  day.  (Positive  room  air 
samples.  10  of  1 1  rooms  with  positive  cough  air 
samples:  negative  room  air  samples,  2  of  7  rooms 
with  positive  cough  air  sample  (P  =  0.03) j  This 
further  suggested  that  cough  is  the  important 
intermediary  between  virus  in  secretions  and 
virus  in  room  air.  No  such  relationship  was 
delected  for  sneering.  These  findings  are  not 
surprising,  since  cough  as  a  symptom  was 
recorded  as  being  frequently  present  in  the* 
same  volunteers  at  this  time,  whereas  sneering 
was  not. 

Preliminary  report  on  a  transmission  expert 
mem  An  expet  iment  designed  to  test  whelhei 
the  occurrence  of  air  contamination  with  virus  is 
sufficient  to  produce  airborne  transmission  has 
been  performed  i unpublished  data >  Nineteen 
placebo-inoculated  volunteers  were  exposed  to 
air  surrounding  infected  volunteers  by  housing 
the  two  groups  in  a  converted  barracks  and 
separating  them  with  a  double  wire  burner 
Even  distribution  of  air  on  both  sides  of  the  lest 
building  was  accomplished  by  means  of  large 
floor  fans  and  was  proved  by  generating  an 


aerosol  containing  a  fluorescein  dye  on  one  side 
and  then  collecting  and  analyzing  air  samples 
from  different  locations  throughout  the  building. 
Coxsackievirus  A  type  21  infection  was  produced 
in  If)  volunteers  with  aerosol  inoculation,  and 
all  exposed  individuals  became  infected  with  this 
virus  during  the  course  of  the  study.  A  specific 
separation  of  results  in  terms  of  contact  and  air 
home-acquired  infection  is  not  completed,  but  it 
is  possible  to  suite  that  airborne  transmission  un¬ 
questionably  occurred. 

Docubion 

The  theory  that  respiratory  viruses  arc  trans¬ 
mitted  by  the  airborne  route  has  been  popular 
in  the  past,  primarily  because  it  seemed  reason¬ 
able  to  assume  that  coughing  and  sneering, 
common  symptoms  of  viral  respiratory  disuse, 
produce  aerosols  that  would  accomplish  such 
transmission.  Despite  this  assumption,  proof  thut 
man  produces  aerosols  that  contain  virus  and 
that  sufficient  viral  contamination  of  air  occurs 
to  result  in  this  type  of  transmission,  both 
essential  requirements  for  airborne  transmission, 
has  not  been  obtained  (24)  The  results  prevented 
in  this  report  provide  this  important  informa 
tion.  It  was  shown  that  individuals  infested  with 
respiratory  viruses,  in  this  case  coxsackievirus  A 
type  21,  produce  airborne'  viius  in  quantities 
sufficient  to  infect  susceptible  individuals  The 
capacity  to  produce  viral  aerosols  was  tested  for 
three  expiratory  events  Breathing  samples  were 
uniformly  negative  for  virus,  whereas  cough  and 
sneeze  urn  pies  were  frequently  positive  Thus, 
whereas  in  man  the  former  event  is  prohaWy  in 
significant  in  producing  transmission  of  the 
respiratory  viruses,  it  seems  likely  that  it  is 
important  in  the  mouse  influenza  system  of 
Shutmnn  nnd  ICilbourne  1 23 1  in  which  airborne 
transmission  has  also  I  ecu  conclusively  demon 
strated  For  man.  coughing  and  sneezing  appear 
to  he  the  significant  events  for  producing  viral 
aerosols. 

Studies  in  which  virus  released  by  coughing 
and  sneezing  was  collected  in  a  balloon  and 
separated  into  an  air  phase  and  a  wall  phase 
provided  quantitative  results  that  correspond 
roughly  to  virus  involved  in  airborne  transmission 
and  contact  transmission,  respectively  Virus  was 
recovered  morr  often  from  the  air  sample  from 
coughs  than  from  the  wall  samples,  although  the 
wall  samples  of  sneezes  were  more  .ontmonly 
positive  than  the  air  samples  This  would  sugge*' 
that  sneezing  may  he  of  some  significance  for  Ih.ii 
form  of  transmission  involving  direct  impaction 
of  large  particles  in  the  nasopharynx,  whereas 
cough  contributes  primarily  to  small  particle 
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aerosol  transmission  Despite  the  differences  in 
frequents  of  recovers,  the  difference  in  mean 
quantity  of  virus  in  each  phase  was  small  and 
quite  similar  for  each  event  these  findings  are  in 
contrast  to  the  findings  of  Buckland  ct  <il.  t5i, 
in  which  the  vast  majority  of  virus  released  in 
sneering  was  found  on  the  sides  of  a  large  sam¬ 
pling  hug  However,  the  different  col  lection  meth 
ods  involved  may  account  for  this  disparity  . 

Despite  a  larger  number  of  particles  in  sneezes 
ii»:n  in  coughs,  the  quantity  of  virus  expelled  in 
the  two  events  was  remarkably  similar,  suggest 
mg  that,  in  these  volunteers,  the  concentration  of 
virus  in  secretions  atomized  in  coughing  was 
relatively  greater  than  that  in  secretions  atomized 
in  sneezing  (12.  Hi  Inoculation  of  these  volun 
leers  wav  performed  by  small  particle  aerosol, 
and.  although  lower  respiratory  tract  secretions 
were  not  quantitated,  virus  is  known  to  have  been 
deposited  at  this  site  and  probably  induced 
infection  there.  Thus,  it  is  possible  thui  the 
method  by  which  infection  was  induced  may 
have  contributed  to  the  virus  recovery  results 
from  coughing 

The  fact  that  infected  persons  arc  capable  of 
producing  uirho-nc  virus  docs  not  necessarily 
indicate  that  virus  can  be  transmitted  in  this  way. 
Viral  aerosols  produced  by  infected  persons  are 
subject  to  dilution  in  room  air.  biological  decay, 
and  sedimentation  Nevertheless,  assuming  nor¬ 
mal  breathing  by  susceptible  volunteers  and  an 
infectious  dose  of  about  6  to  30  «tn»,  assay  of 
air  samples  from  rooms  occupied  by  infected 
volunteers  indicated  that  transmission  would  be 
accomplished  in  front  5  mm  to  24  hr.  Further 
more,  in  view  of  the  observed  efficiency  <  i  I ' ,  ■ 
of  the  air  sampling  equipment,  larger  than 
measured  doses  of  virus  were  actually  available 
for  inhalation  (I4i.  In  addition,  the  present  data 
suggest  that  cough  is  a  most  important  event  in 
produi  mg  viral  contamination  of  air 

The  findings  described  above  stimulated  the 
performance  of  an  experiment  to  test  the  uvump 
tion  that  airborne  tiansmission  is  possible,  and 


preliminary  results  revealed  (hat  airborne  trans¬ 
mission  occurred  from  infected  cases  to  susccpti 
Wes  across  a  wire  barrier. 

Airborne  and  contact  trunsmisison  was  simu 
la  ted  in  volunteers  by  aerosol  and  nose  dtop 
inoculation,  respectively  Studies  with  three  d» 
ferent  strains  of  coxsackievirus  A  type  21  indi¬ 
cated  a  similar  hidm  of  a  bout  30  rrtoM  frw  this 
virus,  when  predominant  deposition  was  in  the 
lower  respiratory  tract  (small  particle  aerosol), 
and  a  lower  value  when  nasal  drops  were  used 
Since  the  latter  inoculation  method  provided 
deposition  only  in  the  nasopharynx,  it  is  suggested 
that  the  nasal  mucoaa  exhibited  a  greater  sus¬ 
ceptibility  to  infection  with  this  virus  than  did 
the  lowei  respiratory  tract.  Another  ptcorna- 
virus.  rhioovitu*  NIH  1734.  exhibited  an  even 
greater  difference  between  the  hid*  for  nasal  drop 
inoculation  and  for  .mall  particle  aerosol 
inoculation.  Thus,  the  data  suggest  tnat.  for  both 
of  these  viruses,  the  nasal  mucosa  is  the  pre¬ 
ferred  site  for  infection.  Although  definitive 
comparisons  are  incomplete,  present  evidence 
suggests  v  disparity  in  infectiviiy  in  the  opposite 
direction  far  adenovirus  type  4.  Tins  virus  exhibits 
a  high  degree  of  infectivily  for  the  lower  respira¬ 
tory  tract,  but  the  nasopharynx  appears  to  kick 
this  degree  of  mscepfibilily 

The  most  common  illness  response  to  each 
vim*  that  followed  inoculation  by  nasal  drops 
and  small  particle  aerosol  is  shown  in  Table  II 
.’-or  comparative  purposes,  the  most  common 
naturally  occurring  illness  response  to  each  virus 
is  also  listed  As  can  be  seen  for  coxvHckie.  irus  A 
type  21.  regardless  of  method  of  inoculation  as 
well  as  dose,  febrile  upper  respiratory  illness 
usually  results  in  volunteers,  whereas  naturally 
occurring  liincvs  is  reported  to  he  usually  afebrik- 
i2,  Ik)  This  disparity  may  well  be  explained  by 
the  fact  that  lever  in  volunteers  is  usually  so 
brief  in  duration  that,  without  24  hr  observation, 
the  majoriiy  of  volunteers  would  have  been 
designated  afebrile.  The  predominant  lower 
respiratory  tract  illness  that  was  seen  with  one 
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inoculum  administered  by  small-particle  aerosol 
appears  to  have  been  relatively  unique,  and  was 
due  to  properties  of  the  virus  in  that  inoculum 
that  are  not  usually  exhibited  by  strains  of  this 
virus. 

For  rhinovirus  N!H  1734,  afebrile  upper 
respiratory  tract  illness  occurs  in  volunteers 
regardless  of  inoculation  method  and  is  also  the 
characteristic  natural  clinical  response  to  this 
and  other  rhinoviruses  (4,  10).  Data  thus  far 
available  indicate  that  naturally  occurring 
adenovirus  type  4  disease  can  regularly  be  re¬ 
produced  in  volunteers  only  by  aerosol  inocula¬ 
tion.  Nasal  inoculation,  throat  swabbing,  and 
conjunctival  inoculation  have  all  failed  to  re¬ 
produce  naturally  occurring  type  4  adenovirus 
disease  (1). 

It  is  therefore  suggested  that  adenovirus  type  4 
disease  is  transmitted  in  natural  circumstances 
primarily  by  the  airborne  route.  The  information 
available  on  coxsackievirus  A  type  21  and  rhino- 
virus  NIH  1734  indicates  that  either  airborne  or 
contact  transmission  would  result  in  the  upper 
respiratory  tract  illness  characteristic  of  naturally 
occurring  illness.  However,  the  small-particle 
aerosol  inoculation  results  suggest  that  airborne 
transmission  would  produce  a  more  varied 
response  and  account  for  the  lower  respiratory 
tract  illness  which  is  sometimes  associated  with 
naturally  occurring  upper  respiratory  tract 
disease  (4,  10,  18). 

Thus,  the  data  presented  on  production  of  air¬ 
borne  virus,  environmental  air  contamination 
with  virus,  and  the  demonstration  of  airborne 
transmission  summarized  in  the  present  report 
indicate  that  airborne  transmission  probably 
occurs  naturally.  Present  information,  however, 
does  not  indicate  whether  airborne  transmission 
is  the  predominant  mechanism  of  natural  trans¬ 
mission.  At  the  present  time,  it  seems  most 
reasonable  to  suggest  that  both  contact  and  air¬ 
borne  transmission  occur  in  natural  circum¬ 
stances,  and  that  the  predominant  method  of 
transmission  varies  with  the  virus  and  the  op¬ 
portunity  presented  in  a  particular  situation. 
For  those  viruses  and  situations  in  which  air¬ 
borne  transmission  predominates,  it  may  be 
possible  to  devise  suitable  methods  of  control  of 
respiratory  viral  infection. 

Summary 

Volunteers  were  inoculated  with  respiratory 
viruses  by  means  of  nasal  instillations  and 
inhalation  of  aerosols.  The  former  method  was 
used  to  simulate  contact  transmission,  and  the 
'atter  to  simulate  airborne  transmission.  The 
llOv,  for  coxsackievirus  A  type  21  was  about  30 


tcidw  by  aerosol  and  6  rein*  by  nose  drops. 
Similar  determinations  for  rhinovirus  NIH  1734 
revealed  hidh  of  0.68  tcidw  by  aerosol  and  0.032 
TcmM  by  nasal  drops.  The  clinical  response  wus 
characteristically  an  upper  respiratory  tract 
illness  for  both  viruses  by  both  inoculation 
methods,  although  coxsackievirus  A  type  21 
illness  was  usually  febrile,  and  rhinovirus  illness 
usually  was  not.  Incomplete  infectivity  studies 
with  adenovirus  type  4  suggest  a  disparity  in  the 
opposite  direction  for  this  infection.  Aerosol 
inoculation  revealed  an  HiDs„  of  about  I  rrin.„ 
and  thus  far  is  the  only  inoculation  method  which 
regularly  reproduced  naturally  occurring  ARD. 

The  suggestion  that  airborne  transmission 
accounted  for  some  naturally  occurring  acute 
respiratory  disease  was  further  evaluated  by 
studying  the  production  of  airborne  virus  by 
coughs  and  sneezes  and  the  contamination  of 
room  air  with  virus.  Coughing  and  sneezing 
regularly  produced  quantities  of  virus  sufficient 
to  infect,  whereas  bce*»  tiling  did  not.  Room  air 
samples  revealed  contamination  probably  suf¬ 
ficient  to  infect  susceptibles.  In  addition,  pre¬ 
liminary  results  of  a  transmission  experiment 
with  c.  xsackie virus  A  type  21  indicate  that  air¬ 
borne  transmission  unquestionably  occurred.  It 
was  concluded  that  both  contact  and  airborne 
transmission  of  the  respiratory  viruses  probably 
occur  in  natural  circumstances,  and  that  the 
predominant  method  of  transmission  may  vary 
with  the  virus  and  with  the  particular  environ¬ 
mental  situation. 
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The  investigator  of  experimental  infection  has 
advantages  and,  indeed,  he  makes  these 
advantages-  that  the  student  of  natural  infection 
cannot  have.  He  can  operate  with  deliberation, 
he  can  pick  his  time  and  place,  he  can  pick  his 
subject,  and  his  infecting  agent  (indeed,  also  its 
dose),  he  can  control  the  environment  and  the 
route  of  inoculation,  and  he  can  observe  the 
event  we  call  infection  both  in  prospect  and  in 
retrospect.  Yet  he  lacks,  and  always  will  lack,  the 
cardinal  advantage  possessed  by  the  student  of 
natural  disease — for,  unlike  his  colleague,  he  is 
not  studying  natural  disease.  This  must  never  be 
forgotten.  Dr.  Couch  and  his  associates  are  well 
aware  of  this  point.  Their  interesting  and  provoca¬ 
tive  paper  is  a  measured  and  careful  analysis  of 
basic  investigations  of  an  incredibly  neglected 
aspect  of  medicine:  the  transmission  of  human 
respiratory  infection. 

There  is  much  to  discuss  in  this  paper,  as  the 
authors  themselves  have  discovered,  and  I  should 
like  to  focus  on  the  aspects  of  the  study  that 
seen  to  have  brood  implications  for  the  patho¬ 
genesis  and  transmission  of  infection,  rather  than 
on  the  technical  problems  of  air  sampling  and 
calculation  of  virus  dose,  although,  to  some 
extent,  these  matters  are  inseparable. 

First,  I  would  emphazise  that  the  principal  and 
best-documented  part  of  this  study  concerns  virus 
input  and  its  effects  rather  than  virus  output  and 
transmission.  CommendaMy,  the  authors  have 
recognized  implicitly  the  inhomogeneiiy  of 
“respiratory  viruses"  by  their  selection  of  three 
prototypes  for  study,  and,  further,  have  studied 
(with  differing  results)  two  strains  of  one  proto¬ 
type,  coxsackievirus  A21.  This  leads  me  to  my 
first  question.  In  Table  1,  in  which  the  data  for 
determination  of  human  infectious  dose  of  cox¬ 
sackievirus  A21  are  presented,  we  note  that  in 
contrast  to  the  common  phenomenon  of  infection 
without  disease,  we  have  disease  without  infec¬ 
tion  (after  doses  of  18  and  6  tcto*)!  This  observa 
tion  may  be  an  important  one  and  is  not  ade¬ 
quately  explained  by  the  notation  that  1 5 r;  of 
volunteers  may  have  unexplained  mild  rhinitis, 
particularly  since  no  control  group  is  included  w 
the  experiment  cited.  Is  this  a  nonspecific  reac¬ 
tion,  or  is  it  rather  a  subtler  measure  of  low  grade 
infection  than  the  conventional  indices  of  virus 
recover)  »nd  antibody  response?  A  similar 
observation  concerning  experimental  A21  injec¬ 
tion  has  also  beer  made  by  BuckUind  and 


associates.  If  so.  it  is  implied  that  the  human 
and  tissue  culture  infective  doses  may  be  close  to 
unity.  1  do  not  wish  to  belabor  an  apparently 
trivial  point,  but  we  note  that  the  virus  used 
in  this  titration  is  the  A2 1  strain,  4988V,  which  is 
more  virulent  than  the  other  A21  strain  used,  in 
its  capacity  to  produce  lower  respiratory  tract 
disease.  Why  this  greater  capacity  to  induce 
disease?  Became  of  intrinsic  difference  in  viru¬ 
lence  of  the  virus  in  nature,  because  of  the  vagaries 
of  virus  selection  during  its  isolation  and  pas¬ 
sage,  or  because  the  human  infectious  dose  has 
been  miscalculated,  with  the  result  that  a  larger 
dose  of  this  strain  has  actually  been  given?  This 
type  of  problem  will  continue  to  beset  us  as  we 
attempt  to  distinguish  qualitative  from  quantita¬ 
tive  factors  in  experimental  infection.  Inci¬ 
dentally,  is  the  febrile  course  of  experimental 
coxsackievirus  A21  infection  in  contrast  to  the 
afehrile  course  observed  in  the  field  a  reflection 
of  selection  of  subjects  with  no  antibody,  or  docs 
it  reflect  differences  in  the  conditions  of  infection? 

But  the  striking  fact  that  emerges  from  the 
studies  of  coxsackievirus  A2I  infection  is  the 
importance  of  the  nature  of  the  viral  inoculum 
in  determining  the  localization  and  severity  of 
infection.  The  implication  is  clear  that  in  the 
perhaps  special  case  of  the  49819  strain,  lower 
respiratory  tract  disease  requires  initial  implanta¬ 
tion  of  virus  at  that  site.  It  is  also  clear  that  one 
may  have  presumed  implantation  of  virus  in  the 
lower  respiratory  tract  without  evidence  of 
disease  at  that  site,  but  with  evidence  of  disease 
above.  What  a  fine  demonstration  of  the  impor¬ 
tance  of  host  determination  of  clinical  response  in 
a  precisely  controlled  situation.  Restudy  of  such 
volunteers  with  an  antigenkally  heterologous 
virus  might  confirm  our  strong  suspicion  that 
certain  individuals  are  unduly  subject  to  lower 
tract  involvement  in  the  course  of  upper  respira¬ 
tory  tract  infections.  Now  the  other  part  of  the 
question  is'  how  does  an  aerosol  of  small  particles 
produce  upper  respiratory  tract  disease?  Prob¬ 
ably  not  by  extension  from  below  as  judged  by 
the  similar  incubation  periods  of  aerosol  and 
nasal  inoculation  disease,  but  perhaps  by  the 
fraction  of  small  particles  that  are  retained  in  the 
upper  tract.  It  must  be  kept  in  mind  that  there  is 
a  range  of  particle  size  with  either  .method  of 
inoculation. 

The  experiments  with  rhinovirus  infection  are 
also  of  interest  and  suggest  again  that  a  sine  qua 
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mm  for  respiratory  virus  infection  of  the  lowe  • 
tract  is  initiation  of  infection  by  aerosol.  The 
observation  that  a  true  common  cold  virus  can 
indeed  produce  generalized  respiratory  disease  is 
an  important  one.  Incidentally,  1  disagree  with 
the  authors  when  they  impute  an  all  or-none 
effect  of  (Hecxisiing  antibody  in  ameliorating 
disease.  The  number  of  cases  is  far  too  small  (a 
chronic  problem,  incidentally,  in  volunteer 
studies)  and  the  data  suggest  a  graded  response 
in  terms  of  infection. 

Turning  to  adenovirus  infection,  it  is  especially 
interesting  that  simulation  of  the  natural  disease 
is  apparently  dependent  on  infection  by  aerosol, 
despite  the  fact  that  its  principal  manifestations 
are  in  the  nasopharynx.  Influenced  by  our 
studies  of  influenza,  Jerome  Schulmun  and  I 
have  long  contended  that  the  site  of  predominant 
symptomatology  is  not  necessarily  an  indication 
of  the  site  of  primary  viral  invasion  It  is  true, 
however,  that  natural  infection  with  either 
influenza  or  adenoviruses  may  be  associated  with 
primary  virus  pneumonia,  so  the  potential  for 
that  clinical  manifestation  is  probably  omni¬ 
present. 

In  conclusion,  we  can  note  with  great  interest 
the  brief  mention  by  Dr.  Couch  and  his  associ¬ 
ates  of  transmission  of  infection  from  man  to  man 
under  conditions  that  exclude  direct  or  indirect 
contact  and  that  point  to  true  airborne  inocula¬ 
tion.  The  double  wire  screen  used  by  Dr.  Schul- 
ma  n  with  influenza  in  mice  has  now  found 
application  with  man,  coxsackievirus,  and 
Quonset  huts.  We  awnit  further  exploitation  of 


this  system  by  Dr  Couch  and  his  colleagues  with 
the  imagination  and  thoroughness  they  have 
shown  in  the  past. 

The  proper  study  of  mankind  may  be  the 
mouse  In  an  experimental  mouse  influenza  virus 
model  developed  in  our  laboratory  by  Dr. 
Schulmun,  we  have  found  that  virtually  ail 
transmission  of  infection  can  be  attributed  to 
small  narticle  aerosols.  This  conclusion  depends 
essentially  on  two  types  of  observation:  (i)  that 
physical  separation  of  contacts  from  transmitters 
exerted  no  effect  on  the  transmission  rate,  and 
(ii)  that  increasing  the  rate  of  ventilation  through 
the  chamber  where  contact  occurred  decreased 
proportionately  the  rate  of  transmission  Both 
observations  are  inconsistent  with  transmission 
by  larger  droplets.  Furthermore,  in  very  recent 
experiments,  we  have  recovered  influenza  virus 
from  the  air  in  proximity  to  troiumitlcr  mice  in 
quantities  that  are  virtually  identical  to  the 
calculated  output  required  to  account  for  the 
observed  transmission  rate  (a  calculated  2.3 
infectious  doses  per  in  lector  per  24  hr). 

It  is  clear  that  experimental  infection  with  a 
number  of  viruses  may  be  ;nitif—i  by  any  of 
several  routes  by  either  small  or  large  particle 
inocula.  It  is  now  time  to  determine  for  each 
virus  what,  in  fact,  is  its  principal  natural  mecha¬ 
nism  of  transmission  as  it  journeys  from  man  to 
man.  This  can  be  done  with  the  techniques  now 
available,  and,  indeed,  indirectly  by  such  en¬ 
vironmental  controls  as  ultraviolet  irradiation, 
employed  30  years  ago  by  Wells. 
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Introduction 

Vaccines  are  generally  administered  by  the 
subcutaneous  or  intramuscular  route.  However, 
the  immune  i  espouse  produced  after  parenteral 
athninistration  is  inadequate  in  many  instances  to 
ensure  optimal  host  resistance.  Many  infectious 
diseases  are  acquired  via  the  respiratory  tree; 
possibly,  the  immunizing  antigen  would  be  mare 
effective  in  inducing  high-grade  host  defense  if 
the  route  of  administration  were  identical  to  the 
route  of  acquisition  of  the  disease.  Active 
immunization  against  airborne  infection  by 
inhalation  of  living,  attenuated  microorganisms 
has  been  proved  with  experimental  animals  and, 
in  some  instances,  has  become  routine  (1-4,  11- 
14,  16,  20,  22).  The  potential  for  immunization 
of  man  by  aerogenic  vaccination  with  single  or 
combined  live  vaccines  has  been  recognized  in 
the  Soviet  Union  (1-3)  and  in  the  United  States 
(5, 8, 5).  In  the  Soviet  Unic**,  vaccination  of  man 
with  aerosols  of  dried,  viable  tularemia  vaccine, 
singly  or  in  combination  with  living  vaccines  of 
other  microorganisms,  has  received  considerable 
attention.  Systemic  reactions  were  reported  by 
Alexandrov  et  al.  (2)  in  2  of  138  volunteers 
inhaling  an  estimated  730,000  organisms  con¬ 
tained  in  an  aerosol  of  dried  tularemia  vaccine. 
Kerostovtaev,  Onikiyenkj.,  and  Khokhlov  (17) 
noted  similar  complaints  in  three  of  eight  persons 
inhaling  7,300,000  cells  of  a  comparable  product 
Immunity  has  been  measured  primarily  by 
serological  procedures  and  by  reaction  to  skin 
test  preparations,  but  has  not  been  proved  by 
increase  in  resistance  of  the  vaccinee  to  challenge 


with  fully  virulent  organisms.  Tigertt  (23)  has 
reviewed  selected  Soviet  articles  on  viable  tula¬ 
remia  vaccines,  and  Lcbidinsky  (18)  has  reviewed 
the  published  American  literature  on  this  subject. 

In  the  United  States,  live  tularemia  vaccine 
prepared  from  Franciselhi  tnlamsls  strain  LVS 
(live  vaccine  drain)  (7)  and  administered  per- 
cutaneously  has  been  proved  immunogenic  and 
superior  to  killed  vaccines  in  studies  with  volun¬ 
teers  by  Saslaw  el  al.  (21)  and  by  McCrumb 
(19).  Studie*  H  the  latter  investigator  revealed 
that,  although  immunized  volunteers  were  pro¬ 
tected  against  challenge  by  the  respiratory  route 
with  200  to  2,000  virulent  organisms,  resistance 
could  be  overcome  in  about  50%  of  men  when 
the  challenge  dose  was  increased  approximately 
10-fold.  (The  genus  Franciselkt,  honoring  the 
late  Edward  Francis  of  the  U.S.  Public  Health 
Service  and  providing  better  taxonomy,  will 
appear  in  the  next  edition  of  Bergev's  Manual  ) 

In  an  effort  to  enhance  the  immunity  provided 
by  LVS,  aerogenic  vaccination  was  studied  by 
Eigelshach  et  al.  (10,  11)  and  White  et  al.  (24). 
It  was  demonstrated  that  this  route  of  vaccina¬ 
tion  was  not  associated  with  untoward  reactions, 
and  only  a  mild,  nongranulomatous  response  was 
observed  in  the  respiratory  bronchioles  of 
monkeys  that  received  aerosolized  liquid  vac¬ 
cine.  Animals  so  vaccinated  evidenced  excellent 
protection  when  challenged  with  virulent  organ¬ 
isms. 

In  a  recent  unpublished  study  (H.  T.  Eigelshach 
and  J.  J  Tubs)  designed  to  determine  the  effect 
of  aerosolized  vaccine  dose  on  reactivity  and 
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Tsais  I  I,  go  i  of  tiosc  amt  malt  of  Inoculation 
on  the  immnnotenicity  of  Her  tularemia 
vaccine  for  the  monkey 
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-  With  IO«  cells  of  strain  SC  HU  S4 

irnmuno8enK.it>  for  monkey,  groups  of  15  lo  17 
Macaco  mulatto  inhaled  HP,  I0‘,  or  HF  cells  of 
live  tularemia  vaccine  strain  LVS  Another  group 
of  16  animals  received  LVS  percutancously  by 
acupuncture;  in  this  case,  the  actual  number  of 
cells  introduced  is  unknown,  because  a  sub¬ 
stantial  portion  of  the  inoculum  remains  on  the 
surface  of  the  skin.  Vaccination  by  either  proce¬ 
dure  proved  innocuous,  and  resulted  in  com- 
paraltle  peak  mean  titers  except  tn  the  aerosol 
group  receiving  the  lowest  dilution  of  organisms. 
Of  the  17  animals  that  inhaled  HP  organisms, 
9  failed  to  develop  agglutinins.  The  mean  titer 
of  the  inira dermal  vaccinccs  rose  earlier  and  faster 
than  did  titers  of  the  a  erogenic  vaccinees.  At  60 
days  after  vaccination,  these  animals,  as  writ  as 
non  vaccinated  controls,  were  challenged  aero 
genically  with  I0‘  cells  of  strain  SC  HU  34  (Table 
I).  All  controls  died  within  30  days:  120  days  after 
challenge,  the  per  cent  survival  in  the  I01,  10* 
and  10*  groups  vaccinated  aerogenically  and  in 
the  group  vaccinated  dermally  was  94,  60,  47, 
and  81,  respectively.  Because  monkeys  are  less 
resistant  to  tularemia  than  is  man,  then-  benign 
response  to  aerosolized  liquid  LVS  tularemia 
vaccine  indicated  that  this  vaccine  m%ht  also  be 
safe  for  man  when  administered  aerogenicaUy. 
Initial  studies  in  volunteers  indicated  (9)  that 
respiratory  doses  ranging  from  200  to  30,000 
organisms  were  innocuous  and  that  approxi¬ 
mately  1.500  inhaled  cells  were  required  to 
induce  serological  conversion  consistently.  These 
studies  were  expanded  at  the  University  of  Mary¬ 
land  Research  Ward  at  Jessup,  Maryland  House 
of  Correction,  and  are  the  subject  of  the  present 
report. 

AtaaoENic  Vaccination  or  Voluntuhs 
Materials  and  Methods 

F.  tukrensis  LVS  and  highly  virulent  challenge 
strain  SCHU  S4  (6)  were  cultivated  in  a  modified 


casein  partial  hydrolysate  liquid  medium  (R. 
C.  Mills  ct  si ,  BtHicnol  Pros  ,  p  37.  1949) 
Cultures,  harvested  after  16  hr  of  incubation 
with  continuous  shaking  at  37  C.  contained  35 
X  10*  to  40  X  HP  viable  orgar  m  per  milli¬ 
liter.  For  Berogenic  immunization  with  strain 
LVS  or  challenge  with  strain  SCHU  S4,  aerosols 
were  generated  with  ■  nebulizer  that  produced 
particles  primarily  in  the  range  of  I  to  $  a  diam¬ 
eter.  Methodology  was  comparable  to  that  pre¬ 
viously  described  by  Griffith  <I5> 

Prior  to  amvoluaiion  of  LVS  for  use  as  a 
vaccine  in  man,  all  available  information  per¬ 
taining  to  its  safety  was  evaluated,  fc  (tensive 
experience  gained  in  volunteers  and  laboratory 
workers  at  Fort  Ttetrick  by  the  acupuncture  route 
(8)  attested  to  the  attenuation  of  this  strain. 
Serious  reactions,  such  as  secondary  pneumonitis 
or  bubo  formation,  were  not  seen.  Immurvo- 
genicity  was  evident  from  the  excellent  protection 
noted  in  vaccinated  volunteers  exposed  to  aerosol 
or  intracutaneous  challenge.  The  aforementioned 
thorough  animal  evaluations  suggested  that  no 
untoward  reactions  were  likely  to  occur  in  man 
after  inhalation  of  LVS. 

Clinical  Reaction* 

Five  groups  totaling  253  volunteeis  free  from 
tularemia  ag^utinint  were  exposed  to  aerosolized 
LVS.  The  dose  ranged  from  10*  to  HP  organisms. 
Reaction  rates  correlated  directly  with  size  of 
inoculum  After  inhaling  a  dose  of  HP  LVS  cells, 
about  30'  r  of  42  volunteers  had  minor  systemic 
complaints.  The  majority  noted  minimal  upper 
respiratory  symptoms,  such  as  sore  throat  or 
slight  cough.  Practically  all  had  psasized 
t«t  vital  nodes  after  exposure  to  aerogenk  LVS. 
None  had  feveT  or  roentgen  evidence  of  pneu¬ 
monic  infiltration  The  signs  and  symptoms  woe 
quite  rtsigntfscant  and  would  have  been  over¬ 
looked  with  carnal  examination  or  questioning- 

A  more  severe  reaction  was  associated  with 
inhalation  of  a  HP  inoculum.  As  a  result  of  this 
massive  dose,  90' (  of  the  volunteers  were  sympto¬ 
matic  with  headache,  coryra,  chest  pan.  and 
malaise.  Actually,  they  had  mild  tvphoidal 
tularemia.  In  80 tT,  there  were  temperature 
elevations  of  >100  F  which  occurred  on  the 
average  at  3  days  and  lasted  an  average  of  2.5 
days.  Of  42  men  receiving  this  huge  dose.  3  were 
treated  with  streptomycin,  and  several  others 
were  put  to  bed  for  periods  of  2  to  3  days.  Chest 
X  rays  revealed  transient  infiltrations  in  a  few  of 
the  vaccinees.  In  general,  the  reaction  just 
described  can  be  likened  to  a  "flu-like”  syn¬ 
drome  This  condition  did  not  incapacitate  the 
majority  of  volunteers;  they  were  able  to  con- 
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tinue  their  prison  routine  Similar,  but  milder 
reaUxwi.,  «ere  teen  in  79*,  of  volunteers  mhal 
ing  10*  veils  of  LVS 

SemJogicul  Key*  one 

Results  of  terologkal  studies  have  shown  the 
correlation  between  sire  of  inhaled  do-'*  anti 
genic  mass)  and  acquisition  of  serum  agglutinins 
Volunteers  receiving  the  largest  number  of 
organisms  developed  demonstra  le  serum  anti 
bodies  in  a  surprisingly  short  time.  By  the  second 
week  postvaccination,  42' ,  of  the  volunteers  had 
agglutinins,  and  at  3  weeks  a  47' ,  incidence  was 
receded.  This  rapid  acquisition  of  serum  anti 
bodies  following  the  large  inhaled  antigenic  mass 
was  more  rapid  than  the  rate  following  LVS 
administered  by  acupuncture  (65' ,  at  2  and  82' , 
at  i  weeks).  The  preliminary  studies  with  smaller 
acragenk  mocuta  revealed  a  delayed  response 
when  compared  with  the  intracutancous  route  of 
vaccination  The  results  of  these  series  of  imesti 
gations  suggested  that  targe  groups  of  nonimmune 
people  can  he  immunised  more  rapidly  by  the 
respiratory  than  the  intracutancous  route;  how¬ 
ever,  a  high  incidence  of  systemic  reactions  would 
result  from  exposure  to  targe  dose  vaccine  aero 
sols.  Although  there  is  more  rapid  seroconversion 
noted  with  the  tatter  method  (large-dose  aerosol  I, 
the  geometric  mean  tilers  were  no  different  after 
8  weeks  whether  vaccination  was  accomplished  by 
acupuncture  or  with  smaller  dove  aerosols. 

Conversion  rates  were  reduced  and  geometric 
mean  agglutinin  titers  were  delayed  as  the  in¬ 
haled  dose  was  lowered  After  the  10*  log  do*  of 
LVS,  geometric  mean  liters  did  not  begin  to  rise 
significantly  until  the  3rd  week  poslvaccination, 
and  antibody  levels  comparable  to  those  associ¬ 
ated  with  acupuncture  vaccination  occurred  be¬ 
tween  the  4th  and  5th  weeks  (Fig.  II  Both 
geometric  mean  titers  lagged  behind  those  of  the 
two  largest  a  erogenic  vaccine  doses  Similarly, 
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seroconversion  rates  peaked  at  the  40' ,  level  5 
weeks  poslvaccination,  compared  with  3  weeks. 
Nevertheless,  geometric  mean  titers  eventually 
reached  antibody  levels  achieved  with  larger 
aerosol  dines 

Cmallinui  or  AtmxitNU  Vactinhs  wiim 
VntutiNT  F  riAia«rs.v«a 
Aero/tentc  Cba! tenge 

The  presence  of  circulating  tularemia  ugglu 
tininx  is  not  tantamount  to  resistance  to  the 
disease.  It  remained,  therefore,  to  evaluate  the 
degree  of  protection  of  the  volunteers  to  challenge 
with  virulent  F.  ruJarensts  Table  2  outlines  the 
results  of  acrojpnk  chcllenge  with  2.5  X  10* 
organisms  This  challenge  represents  approxi¬ 
mately  2.500  times  the  minimum  infective  dose  for 
man,  which  has  been  estimated  to  be  10  to  50 
organisms  (21).  This  was  a  severe  challenge  and 
probably  far  exceeds  the  number  encountered 
during  natural  exposures  In  this  experiment,  the 
interval  between  vaccination  and  time  of  challenge 
did  not  appear  to  he  a  determining  factor  in  the 
extent  of  protection.  At  2  months  73' ,  of  22  and 
at  14  months  50',  of  32  volunteers  exposed 
developed  disease  and  were  treated  with  anti¬ 
biotics.  (The  difference  was  not  significant  by 
the  chi  vqur.rc  test.)  These  two  groups  received 
the  same  dose  of  aerosotued  vaccine.  Those  men 
challenged  at  4  and  6  months  received  the  two 
highest  doses  of  LVS  (10*  and  10*).  and  the 
subsequent  mild  vaccine  infection  may  have  con¬ 
tributed  to  the  excellent  overall  resistance  of  the 
groups 

Table  3  illustrates  the  significance  of  the  method 
of  vaccination  of  these  volunteers  in  relation  to 
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resistance  to  respirator)  challenge  High  grade 
protection  win  acquired  b>  the  men  inhaling 
10*  or  in'  doses  of  LVS.  A  somewhat  lower  grade 
protection  was  observed  in  man  immunised 
ttcfogenkally  with  10*  LVS  or  by  acupuncture; 
similar  protection  resulted  in  both  groups.  The 
inc  idence  of  Infinite  in  all  four  groups  of  vac¬ 
cinees  was  equivalent  (fit)  to  77' ,  had  fever  of 
IU0  F  or  greater i .  hut  the  incidence  of  the  disease 
was  quite  different  The  ad  infected  men  in  the 
two  groups  who  had  received  large  closes  of  LVS 
b>  the  a  erogenic  route  reacted  to  the  initial 
infectious  process  developing  from  the  severe 
respiratory  challenge,  hut  the  acquit ed  resistance 
prevented  progression  to  overt  disease  requiring 
specific  treatment 

The  average  incubation  period  for  the  control 
subjects  was  less  by  I  day  than  that  of  the  va*.- 
cinccs.  The  shorter  incubation  period  m  the 
controls  plus  equal  incubation  time  for  all 
vaccinees,  acupuncture  as  well  as  aerogmk, 
suggests  that  respiratory  exposure  to  LVS  did 
not  sensitive  the  lung  parenchyma  If  a  hyper 
sensitivity  reaction  had  occurred  in  men  vacci 
nated  nerogcnically.  immediate  febrile  or  sys¬ 
tems  reactions  might  have  been  expected.  No 
evidence  of  such  reaction  was  observed. 

Table  4  presents  data  accumulated  from 
additional  experiments  wherein  volunteers,  im 
muni  red  by  the  acupunc  ture  technique,  were 
challenged  aerogenkally  at  varying  intervals 
postvaccinal  ion  Although  the  numbers  of 
subjects  were  small,  results  were  similar  to  those 
observed  after  small  dose  aerosol  LVS.  Immunity 
waned  at  about  I  year  to  the  same  extent. 

Unvaccinated  volunteers  without  demonstrable 
tularemia  agglutinins  served  as  controls  in  these 
aerosol  challenges  Five  of  47  men  failed  to 
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develop  disease.  Actually,  four  men  represent 
these  five  failures;  two  were  rechaUenged  and 
developed  pneumonic  tularemia,  a  third  was  re- 
exposed  on  two  additional  occasions  before 
disease  was  induced,  and  the  fourth  has  not  been 
rechallenged.  Each  appeared  to  be  a  complete 
"miss  ’  at  time  of  exposure  without  submquent 
suhclinkai  infection.  because  antibodies  were 
not  demonstrable.  Mechaukal  difficulties,  ie. 
loose-fitting  masks,  were  implicated  as  the 
significant  reasons  for  failure  to  produce  disease 
and  not  natural  host  resistance,  because  of 
susceptibility  lo  rechaUenge.  Similar  incidents 
may  alio  have  occurred  in  the  exposed  vaccinees. 
The  low  frequency  of  ••misses"  end  prauned 
equal  distribution  would  not  invalidate  the  per 
cent  protection  observed  in  the  challenged 
vaccinees 


Snatll  numbers  of  volunteers  receiving  vaccine 
by  the  respiratory  route  have  been  challenged  by 
the  imradermal  inoculation  of  1,000  to  10,000 
tnfccliou*  doses  per  man  of  SCHU  S4  strain 
(Tuble  Si.  Protection  was  excel  lent  Not  only 
was  there  no  evidence  of  lessened  immunity  after 
6  months,  but  also  resistance  to  massive  rhal 
tenges  was  uniform.  The  disease  rates  were  com¬ 
parable  to  those  following  challenge  of  volunteers 
vaccinated  by  acupuncture  The  dmkal  ap¬ 
pearance  of  inoculation  sites  was  strikingly  dif¬ 
ferent  from  the  lesions  in  controls.  The  skin 
lesion  resembled  a  delayed  by  persenxinvity 
reaction  in  the  immune  individual;  control 
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subject*  showed  progressively  developing  ulcers 
Based  on  (hi*  small  experience,  it  appears  that 
aerosol i ml  LV*;  produces  etfecnve  immunity  to 
ulcerogkndular  tularemia 

Rrkuknubip  of  Antibody  Turn  to  Immunity 

Analysis  of  agglutinating  antibody  titers  in  the 
veccineev  suggests  that  higher  levels  were  associ 
a  ted  with  less  severe  illness,  and  groups  of  inmate* 
requiring  treatment  had  ba Kline  geometric  mean 
tilers  one-half  the  value  of  three  groups  not 
treated.  On  the  Other  hand,  absence  of  disease  in 
the  respiratory  challenge  group  which  received 
the  massive  dose  of  aerogenic  LVS  cannot 
he  explained  solely  on  the  basis  of  elevated  tilers. 
Geometric  mean  titers  in  this  group  were  equiv¬ 
alent  to  utuwr  ot'  tne  other  aerogcmcelty  vacci¬ 
nated  groups.  Challenge  results  were  quite  dif¬ 
ferent;  6  of  22  men  had  disease  when  expoasd  2 
months  after  small -dote  aerosol  vaccination,  but 
none  of  30  men  had  disease  following  challenge 
at  4  months  after  large-dose  vaccine  aerosol. 
Thus,  although  absolute  level  of  agglutinins  can 
not  he  correlated  with  immunity,  presence  of  these 
antibodies  in  the  sera  of  volunteers  exposed  to 
virulent  challenge  suggest s  that  members  of  the 
group  will  resist  infection  to  a  greater  degree  than 
unvaccinated  controls. 

Docvwon 

Immunisation  of  man  apinst  tularemia  can 
he  accomplished  safety  by  employing  aero*  slued 
living  attenuated  vaccine.  The  dose  necessary  to 
ensure  development  of  terum  antibodies  in  at 
least  *J0‘ ,  of  volunteers  is  10*  orpin  isms  Sys¬ 
temic  subjective  reactions  at  this  dose  were  not 
significant,  and  close  clinical  observation  was 


necessary  to  reveal  subtle  objec  tive  findings,  i  e  , 
appearance  of  pea  sized  cervical  lymph  nodes 

The  inhaled  dose  can  he  increased  without  un 
due  risk  if  more  raptd  induction  of  antibodies  t* 
desired  As  many  as  10*  organisms  have  been 
delivered  to  volunteer*  a*  an  immunizing  dose 
Low  grade  febrile  disease  occurred  in  more  than 
t*>* ,  of  the  volunteers  with  this  dove  However, 
the  reaction  was  mild  and  veil  limning  and  did 
not  interfere  with  the  daily  routine  of  most 
inmates.  After  this  vnev motion  a  high  grade 
immunity  was  observed  apunst  n  severe  aero 
genic  challenge  conducted  4  months  after  vaccina 
lion.  Assurance  is  provided,  thereby,  that,  even 
if  unlikely  dilution  error*  would  create  such  con 
centratcd  aerosols,  exposed  healthy  young  adult* 
would  experience  only  mild  discomfort  Accept 
ability  of  this  aerosolized  antigen  is  questionable 
in  people  with  chronic  lung  disease,  congestive 
failure,  or  Oil**  disease*  aHeiiing  the  integrity  of 
respiratory  defense  mechanisms  Perhaps  small 
done*  of  aerosolized  LVS  could  be  tolerated  in 
such  patient*.  Sufficient  evidence  hearing  on  this 
point  is  unavailable. 

These  studies  validate  the  respirators  route  as  a 
means  of  introducing  an  attenuated  bacterium 
into  the  human  host.  It  remains  to  be  deter- 
mined  whether  this  route  is  more  advantageous 
than  the  conventional  dermal  site.  Aerosolized 
vaccine  does  lead  to  an  immune  state  The 
incidence  of  disease  after  challenge  of  volunteers 
vaccinated  by  this  method  was  less  than  that  re¬ 
corded  in  the  men  challenged  after  immunization 
by  acupuncture.  This  difference  occurred  pri 
manly  in  group*  that  received  the  larger  dose*  of 
aerosolized  LVS.  These  men  had  mild  tularemia 
after  vaccination,  and  the  virulent  challenge  can 
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almost  he  considered  a  rechallenge  Thu  type  of 
immunization  provoked  more  resistance  to 
infection  Circulating  antibodies  alone  are  not 
sullment  lo  explain  diirereru.es  in  protection, 
the  geometric  mean  tilers  were  idcnlual  for  (he 
acrogcnu  vaccine  groups  challenged  al  2  and  4 
months,  respectively.  yet,  disease  rate  was 
gtcairt  in  tin'  former.  Perhaps  the  lower  disease 
rati-  results  from  the  ability  of  lung  tissue  pre 
vHusiv  exptvsed  to  !  VS  to  confine  better  the 
inhaled  pathogens  through  better  phagocytosis, 
tissue  antibody  cfTcct.  or  other  local  defense 
mechanisms  T  hus,  it  seems  reasonable  to  expect 
that  in  respirutor)  acquired  infectious  diseases 
prior  vaccination  with  sufficient  antigen  given  b> 
the  acrogemc  route  will  produce  increased  host 
protection  Present  evidence  is  msulluienl  lo 
ailow  conclusions  regarding  the  protection  af 
forded  aerogcnically  vaccinated  individuals 
against  the  ukeaglandular  form  of  tularemia 
Following  the  reasoning  above,  the  acupuncture 
method  should  he  the  best  way  to  prevent  this 
disease  The  differences  in  distribution  of  vaccine 
by  the  two  route*  into  the  two  organs  inmates 
dissimilar  reactions  for  developing  local  tissue 
defense.  Therefore,  analogous  reasoning  cannot 
he  applied  to  the  skin. 

One  disadvantage  of  the  aerogenic  vaccination 
tcchiuque  is  the  lack  of  a  "marker"  indicating 
vaccine  reaction.  The  scar  from  the  acupuncture 
route  is  ohvious  for  weeks.  Nevertheless,  the 
need  for  visible  evidence  of  reaction  to  vaccine  is 
lessened  when  over  90',  of  an  exposed  poptila 
tton  are  immunized  by  simple  inhalation  of  LVS 
In  addition,  serological  proof  of  vaccination  is 
easily  obtained. 

The  elaborate  exposure  equipment  used  ui 
these  studies  allowed  for  precision  m  uniformity 
of  particle  sire  and  quantitation  of  the  inhaled 
dove  1  he  application  of  aerosolized  vaccines  on  a 
mass  basis  will  require  simple,  less  complicated 
apparatus  Efforts  to  create  such  instruments 
should  be  encouraged.  Soviet  literature  contains 
reference  to  mass  aerogenic  vacc  ination  of  troops 
exposed  in  tents  (6).  Vaccination  by  the  respira¬ 
tory  route  for  tularemia  is  effective,  and  this  fact 
should  serve  as  an  impetus  for  future  experi¬ 
mental  studies  with  viral  and  bacterial  vaccines 


Live,  attenuated  LVS  tularemia  vaccine  hat 
been  administered  via  the  respiratory  route  in 
dotes  ranging  from  10*  to  Itr  orgmismv  Mild 
self  limiting  ivphotdal  tularemia  was  induced  by 
doses  of  10*  lo  10*  vaccine  organisms  Rapidity 
of  induction  of  agglutinin  titers  in  the  human  host 


varies  directly  with  sere  of  inhaled  tnocuhini 
Immunity  to  aerogetnc  simlrni  ?  lafaremti 
challenge  appeared  lo  be  greater  than  that 
produced  by  the  conventional  acupuncture 
method  of  vaccine  admmistrition  protection 
against  utceroglandular  tularemia  was  also 
demonstrated  l  he  pulmonary  tree  in  man  can  he 
safely  and  succrsslully  utilized  for  application  of 
f.  lulurrnsi i  strain  LVs  amt  possibly  for  other 
microorganisms. 
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Respiratory  Antibody  to  Francisella  tularensis  in  Man 
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For  several  years  my  colleagues,  J.  Bellanti  and 
M.  Artensiein,  and  I  have  studied  the  occurrence 
of  specific  antibodies  in  secretions  of  the  respira¬ 
tory  tiact,  and  have  attempted  to  evaluate  their 
biological  significance  (2,  3,  3a).  This  interest 
stemmed  from  the  need  for  u  simple  biological 
marker  to  identify  persons  most  likely  to  resist 
ovcu  respiratory  infection  with  any  of  several 
viruses.  As  with  respiratory  tularemia,  the 
presence  or  titer  of  humoral  antibodies  to  respira¬ 
tory  viruses  is  not  synonymous  with  resistance  to 
clinical  disease  upon  infection.  When  these 
investigations  were  begun,  it  was  our  purpose  to 
identify  such  markers.  We  chose  to  reinvestigate 
the  occurrence  of  local  antibody  in  respiratory 
secre.ions  by  use  of  more  modern  virologica!  and 
immunological  methods.  Such  antibodies  were 
indeed  found  in  nasal  secretions  of  normal 
individuals.  Not  every  individual  possesses  anti¬ 
body  to  each  respiratory  virus;  rather,  detectable 
antibodies  occur  in  patterns  which  varied  fron. 
person  to  person  (2,  3).  Although  there  is  no 
doubt  that  local  antibody  exists  in  the  respiratory 
tract,  little  is  known  of  its  influence  upon  the 
pathogenesis  of  respiratory  infections.  Recently, 
we  studied  respiratory  antibody  to  Francisella 
tularensis  in  man;  these  observations  are  pertinent 
to  the  questions  raised  by  Drs.  Homick  and 
hi  gels  bach  concerning  effectiveness  of  aerosol 
immunization  against  respiratory  tularemia. 

Last  year,  with  H.  Dangerfield  and  D.  Crozier 
of  the  Medical  Unit,  Fort  Detrick,  Frederick, 
Md.,  we  studied  respiratory  antibody  in  14 
volunteers  before  and  after  aerosol  infection  with 
virulent  F.  tularensis  (SCHU-S4  strain);  this 
investigation  will  be  reported  in  detail  elsewhere. 
Eight  volunteers  were  immunized  percutaneously 
3  months  previously  with  LVS  (tularemia  vaccine, 
live  attenuated)  vaccine  containing  approximately 
Iff1  viable  LVS  cells  per  0.1  ml.  Six  served  as 
susceptible  controls.  One  half  of  each  group 
was  challenged  by  aerosol  containing  approxi¬ 
mately  2,500  organisms;  the  other,  with  25,000 
cells.  Nasal  secretions  were  collected  from 
these  individuals  by  previously  described  methods 
(2)  twice  daily  for  3  days  before  and  for  5  days 
after  challenge,  and  at  weekly  intervals  there¬ 
after  for  6  weeks.  Daily  collections  of  nasal 
washings  from  each  volunteer  were  pooled,  con¬ 
centrated  approximately  10-fold  by  lyophiliza- 


tion  after  dialysis  against  distilled  water,  and 
studied  for  hemagglutinating  antibody  to  poly¬ 
saccharide  prepared  from  the  SCHU-S4  strain. 
Antibody  determinations  were  made  by  the 
method  of  Alexander  (I)  modified  for  micro¬ 
titer  technique  Hemagglutinating  antibody  was 
measured  because  it  is  more  readily  detected  in 
higher  titers  than  are  cell  agglutinins  (4). 

Nasal  antibody  was  indeed  detected  3  months 
after  percutaneous  immunization,  prior  to 
challenge  by  aerosol  infection  (Table  1).  Titers  of 
nasal  antibody  ranged  from  1 :2  to  1 :32  per  0.05 
ml  of  concentrated  nasal  washing,  and,  for  the 
most  part,  were  significantly  lower  than  those 
observed  simultaneously  in  serum.  There  was  no 
clear  correlation  between  titers  of  antibody  in 
serum  with  those  found  in  secretions  (Table  2), 
although  too  few  individuals  were  studied  to  make 
absolute  comparisons.  However  meager,  the 

Tails  1.  Occurrence  of  serum  and  nasal  antibody  in 
eight  persons  to  Francisella  tularensis  J  months  after 
percutaneous  immunization 


Antibody"  titer 


Determination 

2 

4 

a  | 

16 

12 

64 

128 

i 

1 

236 

1  512 
or  > 

Nasal  washings . 

Serum .  .... 

\*\ 

l 

i 

1| 

l 

2 

1 

i  ij 

1 

2 

1 

• 

*  Reciprocal  per  0.0S  ml. 

*  Results  expressed  as  number  of  persons  with  Indicated 
titer. 


Table  2.  Correlation  between  serum  and  nasal 
antibody  titers  J  months  after  percutaneous 
immunization 


Scni  n  antibody* 


NmaI 


antibody4 

8 

236  312 

1,024 

:,04i 

2  :  • 

4  1 

*  • 

• 

8  1 

* 

• 

16  | 

• 

32  ! 

1 

* 

*  Hemagglutinin  per0.05  ml.  At  serum  antibody 
dilution  of  1:16  through  1:128,  no  hemagglutina¬ 
tion  occurred. 


539 


540 


BU  ESC  HER  AND  BELLANTI 


Bactshiol  Rev. 


! 
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1  ” 

Challenge  <k»e 
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1 
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7 

14 

21 

42 
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Serum 

<2 

__ 

_ 

<2 
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i 
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<2 

<2 

<' 

2 

16 

32 

32 

2 

Seruin 

<2 

— 

-- 

2 

32 

4,0% 

16.384 

1 

NW 

<2 

<2  ; 

<2 

<2 

2 

;  128 

- 

±25,000  cells 

!  3 

Serum 

<2 

_  ■' 

— 

<2 

64 

128 

256 

4 

NW 

<2 

<2 

<2 

i  <2 

8 

8 

16 

!  4 

Serum 

<2 

— * 

i  <2 

64 

512 

512 

1 

NW 

<2 

<2  1 

<2 

1  <2 

4 

i  16 

8 

*  Per  0.05  ml  of  serum  or  nasal  washing. 

*  NW  -  nasal  washing. 

data  suggest  that  detectable  nasal  antibody 
occurred  in  persons  with  serum  antibody  titers 
of  1 :256  or  greater.  The  quantitative  relationships 
between  titers  of  nasal  and  serum  antibodies 
remain  to  be  determined 

Susceptible  volunteers,  when  exposed  to 
aerosols  containing  either  2,500  or  25,000  living 
cells,  similarly  developed  nasal  antibody  (Table 
3).  Antibody  was  detected  as  early  as  7  (fays  after 
exposure  (patient  no.  1),  was  regularly  present  at 
14  days,  and  increased  in  titer  to  levels  essentially 
similar  to  those  observed  in  percutaneously 
immunized  personnel  3  months  after  vaccination 
(1:8  to  1:32),  except  for  patient  no.  2,  whose 
nasal  antibody  titered  1 : 128  on  the  21st  (fay  after 
infection.  Again,  titers  were  significantly  lower 
than  those  observed  simultaneously  in  serum. 
Each  of  the  four  individuals  experienced  respira¬ 
tory  tularemia,  and  was  treated  with  antibiotics 
in  the  conventional  fashion  (6).  Thus,  it  is  clear 
that,  irrespective  of  the  method  for  infection, 
human  beings  develop  nasal  antibody  to  F. 
tuhrensis. 

This  hemagglutinating  antibody  of  nasal  secre¬ 
tions  was  found  to  be  associated  primarily  with 
yA  immunoglobulin  components.  Antibody- 
bearing  secretions  from  each  of  two  individuals, 
either  the  result  of  immunization  or  infection, 
were  absorbed  with  goat  antisera  against  human 
yA  and  yM  immunoglobulins  (Table  4).  Absorp¬ 
tion  with  antihuman  yA  immunoglobulin  re¬ 
moved  all  hemagglutinin  from  each  secretion;  in 
contrast,  absorption  with  antihuman  -yM  im¬ 
munoglobulin  failed  to  remove  significant 
amounts  of  antibody.  Further,  nasal  antibody 
appeared  to  be  significantly  different  from  that  of 
serum  in  the  same  individuals  (Table  5).  When 
high  titered  postimmunization  or  postinfection 
sera  and  nasal  washings  were  subjected  to  gel 
filtration  (Sepbadex  G-200),  patterns  of  eluted 


Table  4.  Removal  of  htmagnluiinin  from  nasal 
secretions  by  specific  absorption 


Antibody  induced  by 

Immunization. 

Infection 


Antibody  titer*  alter 
abftorgiliun  with 

Subject - t  - 

;  Noth¬ 
in* 


I 


VM 


>A 


<2 

<2 

<2 

<2 


hemagglutinin  differed  between  serum  and  secre¬ 
tions.  The  majority  of  antibody  activity  in  serum 
was  associated  primarily  with  the  yM  immuno¬ 
globulins,  whereas  nasal  antibody  was  found 
primarily  in  eluates  containing  yA  immunoglobu¬ 
lins,  and  this  pattern  was  the  same  after  either 
percutaneous  or  aerosol  infection. 

These  observations  show  that  there  is  no  signifi¬ 
cant  difference  in  the  nature  of  local  or  humoral 
distribution  of  hemagglutinin  to  F.  tuiarensis 
between  persons  infected  percutaneously  or  by 
the  respiratory  route.  If  this  antibody  in  any  way 
reflects  resistance  to  overt  infection  (and  there 
certainly  are  reasons  to  question  this  assump¬ 
tion),  it  may  be  properly  concluded  that  such 
differences  as  might  be  effected  by  varying  the 
route  of  vaccine  administration  would  be  only 
chronological.  Homick  and  Eiglesbach  showed 
that  the  humoral  antibody  response  following 
aerosol  immunization  is  more  rapid  than  the  re¬ 
sponse  to  percutaneous  vaccination  (5).  Whether 
local  antibody  appears  in  the  respiratory  tract 
less  rapidly  after  percutaneous  immunization 
is,  of  course,  unknown,  but  is  readily  subjected  to 
test  in  percutaneously  immunized  volunteers. 

Even  if  respiratory  antibody  appears  more 


v 


Voc,  30,  1966 


RESPIRATORY  ANTIBODY  TO  F.  TULAPENSIS 


54! 


Tasli  5.  Partition  of  nasal  and  serum  antibodies  in  Franciselia  tularensis  by  Sephadex  gel 
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promptly  after  aerosol  immunization,  there  are 
few  circumstances  which  demand  this  extra¬ 
ordinarily  prompt  immune  response.  Further,  it 
is  clear  that,  despite  the  presence  of  respiratory 
antibody,  the  immunity  induced  by  any  method  of 
immunization  can  be  overwhelmed  by  challenge 
with  more  than  10,000  virulent  cells.  Finally, 
Homkk's  experience  shows  that  administration 
of  LVS  vaccine  by  aerosol  is  not  without  risk  of 
reaction  (5).  Indeed,  to  obtain  optimal  protec¬ 
tion  for  up  to  6  months,  it  appears  necessary  to 
administer  over  10*  to  10*  viable  vaccine  cells. 
Approximately  80’ j  of  those  receiving  these 
doses  of  vaccine  had,  as  a  reaction,  overt  but  mild 
respiratory  tularemia.  This  appears  to  be  a 
greater  price  for  an  additional  short  interval  of 
immunity  than  we  would  be  willing  to  pay. 

Finally,  it  is  clear  that  this  experimentation  is 
seriously  limited  by  the  lack  of  a  good  repro¬ 
ducible  marker  for  immunity  (resistance  to  overt 
infection).  It  is  not  now  possible  to  evaluate  local 
antibody  as  a  marker  for  immunity  to  F.  tula- 
remit,  although  in  one  other  respiratory  infection 
there  appears  to  be  a  good  correlation  between 
presence  of  respiratory  antibody  and  resistance  to 
infection.  Experiments  with  parainfluenza  virus 
type  1  in  man  show  that  persons  with  nasal 
neutralizing  antibody  are  more  resistant  to  chal¬ 
lenge  infection  than  are  those  without,  irrespec¬ 
tive  of  their  humoral  antibody  status  (Smith  et 
al.,  New  Engl.  J.  Med.  In  press).  Thus,  recent 
experimental  evidence  strongly  suggests  that  de¬ 
tailed  analysis  of  respiratory  secretions  may  well 


provide  better  markers  for  immunity  to  respira¬ 
tory  infections.  This  experimental  approach  is  not 
technically  difficult  today,  and  should  be  ex¬ 
tended  further  into  the  problem  at  hand. 
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iNmoDucnoN 

Streptomycin  was  the  first  effective  antibiotic 
for  the  therapy  of  tularemia,  and  remains  the  drug 
of  choice  (1.  14,  21).  Alternatives  an  needed, 
however,  because  of  (i)  the  possibility  of  infection 
by  streptomycin-resistant  Francistlla  ndamsis 
(11),  (ii)  the  need  for  injection  of  streptomycin 
with  the  attendant  inconvenience  and  diacom 
fort,  and  (iii)  the  toxicity  of  streptomycin.  Of  the 
many  other  antibiotics  active  against  F.  In  turns  is, 
the  best  evaluated  and  most  frequently  used  are 
the  tetracyclines  and  chloramphenicol  (2,  9,  11, 
12,  20).  (Because  chloramphenicol  offers  no 
advantages  over  the  tetracyclines  in  the  treatment 
of  tularemia  and  has  significant  toxicity,  only  the 
tetracyclines  will  be  considered  hereafter  except 
in  reviewing  earliei  work.)  Patients  with  acute 
tularemia  respond  well  to  therapy  with  either 
streptomycin  or  tetracycline;  symptoms  rapidly 
remit,  and  defervescence  is  prompt  (Fig.  1).  The 
late  consequences  of  treatment  with  the  two  anti¬ 
biotics  differ,  however.  Relapses  rarely  follow 
exhibition  of  reasonable  doses  of  streptomycin 
but  occur  frequently  sfier  therapy  with  con¬ 
ventional  regimens  of  tetracycline  (2,  11).  Such 
relapses  result  from  the  persistence  of  bacteria 
in  the  tissues,  not  the  emergence  of  tetracycline- 
resistant  organisms;  retreatment  with  tetracycline 
is  effective  (Fig.  1). 

In  addition  to  their  use  in  the  management  of 
tularemia,  antibiotics  may  be  employed  for 
prophylaxis,  used  here  to  mean  treatment 
instituted  during  the  incubation  period  to  prevent 
illness.  Results  have  been  similar  to  those 

1  Present  address:  Department  of  Microbiology , 
The  Johns  Hopkins  University  School  of  Medicine, 
Baltimore,  Md 


achieved  in  the  therapy  of  acute  disease;  strepto 
mycin  prevents  illness,  but  broad-spectrum  drugs 
merely  delay  disease.  McCrumb  el  al.  (9),  for 
example,  consistently  protected  volunteers  by 
administration  of  streptomycin  for  5  days  after 
intradermal  inoculation  with  F.  wiamuls, 
whereas  only  two  of  five  volunteers  were  pro 
tected  from  tularemia  by  3  days  of  prophylactic 
treatment  with  chloramphenicol. 

Comparison  of  their  actions  against  F.  lulam- 
sis  in  vitro  may  help  to  explain  the  difference  in 
effectiveness  of  streptomycin  and  tetracycline  in 
both  the  prophylaxis  and  therapy  of  tularemia. 
Streptomycin  is  bactericidal  in  vitro,  and  may 
eradicate  the  organisms  without  the  intervention 
of  host  mechanisms.  Tetracycline,  even  in  high 
concentration,  merely  suppresses  multiplication; 
organisms  persist  in  the  tissues  until  destroyed  by 
host  defenses.  F.  lulamsis,  like  other  intra¬ 
cellular  pathogens  (5,17),  is  cleared  from  the  cells 
slowly  even  when  multiplication  is  prevented, 
e.g.,  by  a  bacteriostatic  antibiotic.  The  relative 
inefficiency  of  host  defense  against  F.  tuhmsis 
is  a  crucial  factor  in  determining  the  effectiveness 
of  prophylaxis  and  therapy  of  tularemia  with 
bacteriostatic  agents.  In  the  Conference  on  Air¬ 
borne  Infection  held  in  1960,  McCrumb  cited  the 
imperfect  results  achieved  with  bacteriostatic 
dtugs  and  suggested  that  either  prolonged  or 
intermittent  treatment  might  be  required  if  they 
were  to  be  completely  effective  (10).  The  success 
of  such  regimens  in  other  intracellular  infections, 
e.g.,  scrub  typhus  (8,  16)  and  Q  fever  (18,  19), 
prompted  the  present  studies  of  tetracycline 
prophylaxis  and  therapy  oT  experimental  airborne 
tularemia  in  Macaca  mutants  and  man. 
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Fit;.  i.  Therapy  of  experimental  human  airborne 
tularemia  with  streptomycin  and  with  tetracycline. 
Oases  were',  streptomycin .  I  *  twice  daily;  and  tetra¬ 
cycline,  0.S  it  fttur  times  Judy. 

Tetracycline  Prophylaxis 
Simian  Tularemia 

Monkeys  were  exposed  lo  aerosols  of  F. 
tularensis  SCHU-S4  generated  in  a  modified 
Henderson  apparatus  (3.  4,  7).  | Healthy  young 
adult  M.  mulatto,  weighing  3  to  6  kg,  were 
obtained  from  the  Animal  Farm,  Fort  Detrick, 
Md.  Pre-exposure  sera  did  not  contain  F.  tula 
rensis  agglutinins.  Cultures  of  F.  tularensis  were 
kindly  supplied  by  H.  T.  Eigelsbach.  They  were 
grown  in  modified  casein  hydrolysate  medium 
(Mills  et  al„  Bacterid.  Proc  .  p.  37,  1^49)  for  16 
hr  with  continuous  shaking  at  37  C,  and  were 
stored  at  4  C  until  used.  The  SCHU-S4  strain  is 
sensitive  to  streptomycin.)  The  average  inhaled 
dose  was  10,000  orginisms,  a  quantity  regularly 
resulting  in  an  acute  fatal  illness  after  a  short 
incubation  period  (Fig.  2>.  |ln  addition  to  twice 
daily  examination  and  thermometry,  serum  C-re- 
active  protein  was  determined  and  a  chest  X 
ray  was  obtained  at  weekly  intervals  (or  more 
frequently  upon  request  of  the  attending  veteri¬ 
narian).  Fever  (rectal  temperature  >  40  C)  was 
the  principal  criterion  of  illness  ]  The  results  of 
five  schedules  of  tetracycline  prophylaxis  are 
shown  in  Table  1.  In  all  schedules,  the  initial 
dose  of  drug  was  given  24  hr  after  exposure,  and 
prophylactic  treatment  lasted  for  13  days.  Illness 
was  suppressed  in  10  of  the  It  animals  receiving 
the  antibiotic  at  24-  or  36-ht  intervals;  an  un¬ 
related,  intercut  rent  illness  cannot  be  excluded 
in  the  one  exception.  When  the  interval  between 
doses  was  increased  beyond  36  hr,  however,  the 


animals  experienced  one  or  more  febrile  episodes 
during  the  treatment  period,  Because  tetrar'cline 
administered  at  48 -hr  intervals  failed  to  suppress 
disease,  a  different  sort  of  interrupted  schedule 
was  tried,  i.e .  3  day  treatment  periods  alternat¬ 
ing  with  2  day  pet  iods  without  drug  Four  of  the 
six  monkeys  were  ill  during  the  prophylactic 
period.  Frequent  administration  of  tetracycline, 
therefore,  appeared  necessary  to  limit  multiplica¬ 
tion  of  F.  tularensis  so  that  the  infection  remsined 
subclinical  during  the  treatment  period. 

After  completion  of  all  of  the  prophylactic 
regimens,  most  of  the  monkeys  became  ill  (Table 
I).  Clearly,  F.  tularensis  had  remained  viable  in 
the  host  tissues  throughout  the  period  (13  days) 
of  antibiotic  administration.  That  the  duration  of 
persistence  could  be  quite  prolonged  was  demon¬ 
strated  in  another  group  of  monkeys  which 
received  tetracycline  daily  for  6  weeks.  Monkeys 
tolerated  prolonged  tetracycline  treatment  well, 
i.e.,  weight  was  maintained  and  no  illnesses 


DAYS 

FKi.  1.  Course  of  fever  in  experimental  simian  air¬ 
borne  tularemia 


Table  I.  Tetracycline  prophylaxis  of  airborne 
tularemia  In  Macaco  mulatto? 


I hotter  inimil 

No.  of 

|  dote ■ 

No.  of 

BOB* 

kfy« 

No.  ill 
durio* 
trtot- 
mrot 

No.  ill 
alter 
Irvot- 
rncni 

!  N*. 

or 

<k*tho 

hr 

24 

13 

5 

i 

j 

0 

36 

9 

6 

0 

4 

1 

48 

7 

6 

6 

6 

l 

7? 

3 

6 

6 

0 

Intermittent’' 

9 

6 

4 

> 

0 

*  Each  animal  received  200  mg  of  tetracycline 
intragasiricall)  beginning  on  day  I  and  continued 
over  a  period  of  13  days.  Six  of  six  untreated 
animals  developed  fatal  tularemia. 

*  Days  I  to  3,  6  to  8,  II  to  13. 


544 


SAWYER  ET  AL. 


Bactwiol,  RlV. 


attributable  to  the  drug  or  to  "supcrinfection" 
were  detected.  All  remained  welt  throughout  the 
treatment  period,  but  two  of  the  six  animals 
developed  acute  tularemia  within  6  days  of  the 
Ian  dose  of  drug  Because  rigid  precautions  were 
taken  to  prevent  re-exposure  to  F.  tularensis, 
eg.,  croas-infection,  accidental  Laboratory  aero¬ 
sol,  etc.  (6,  7),  these  illnesses  are  believed  to  have 
resulted  from  organisms  which  wen  not  elimi¬ 
nated  during  the  42  days  of  tetracycline  treat¬ 
ment. 

Evan  with  treatment  once  a  day,  tissue  levels  of 
tetracycline  undoubtedly  fluctuated  considerably, 
and,  when  teveb  were  lowest,  the  organisms  might 
have  undergone  several  cycles  of  multiplication 
without  yielding  a  bacterial  mass  sufficient  to 
produce  illness.  This  seemed  unlikely,  because 
«ggtminin*  did  not  develop  in  monkeys  who  re¬ 
mained  well  during  the  course  of  duly  prophylaxis 
(Fig  3).  When  these  animals  became  ill  after 
ceaaation  of  treatment  (see  above),  agglutinin- 
promptly  appeared.  Agglutinin  titers  increases 
tarty  in  monkeys  receiving  prophylaxis  which 
fluted  to  suppress  illness. 

Although  ptophyiactic  treatment  of  tularemia 
with  tetracycline  failed  to  prevent  illness,  it 
reduced  the  severity  of  die  disease  Whereas  all 
of  the  six  untreated  monkeys  (bed  of  tularemia, 
only  two  of  those  in  the  several  prophylaxis 
groups  expired  within  70  days  of  exposure,  the 
duration  of  observation  (Table  1). 

Because  the  timing  of  the  institution  of  treat¬ 
ment  may  have  important  bearing  on  the  effective¬ 
ness  erf  prophylaxis  of  intracellular  infection 
(eg.,  tetracycline  prophylaxis  of  Q  fever  merely 


F  K.  J.  Mean  FranciseUa  tularensis  agglutinin 
liters  of  Macata  mulatto  receiving  tetracycline  prophy¬ 
laxy  for  airhorme  tularemia.  Symbols:  □  Jrug  every 
4H  hr,  6  Joses;  O  Jrug  daily,  IJ  dotes;  A,  drug  dally, 
42  dinrx.  animals  remaining  well;  A .  drug  daily,  42 
doses,  aiii'ii, ill  becoming  .11  after  treatment. 


TaSLI  3.  Tetracycline  prophylaxis  of  airborne 
tularemia  In  Macaco  mulatto  -  Delayed 
institution  of  treatment' 
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delays  illness  if  instituted  early  but  is  preventa¬ 
tive  when  begun  during  the  last  half  of  the 
incubation  period  (18,  19)],  initiation  of  pro¬ 
phylactic  treatment  was  delayed  until  60  hr  after 
exposure  to  F.  lulartnsii  in  one  group  of  monkeys. 
The  results  were  no  better  than  those  obtained 
with  earlier  treatment  (Table  2).  Further  delay  in 
initialing  prophylaxis  was  not  feasible,  because 
most  monkeys  became  ill  between  60  and  72  hr 
aftet  exposure. 


Human  Tularemia 

The  failure  of  prolonged  tetracycline  prophyt- 
kutis  to  prevent  simian  airborne  tularemia  results 
from  the  limited  defenses  of  M  mulatto  against 
F.  tularensis.  Although  man  is  quite  susceptible 
to  infection  with  airborne  F.  tularensis,  he  has 
better  defense  mechanisms  than  M.  mulatto;  eg., 
the  human  respiratory  infectious  dose  is  about 
three  times  that  of  monkeys  (IS),  and  untreated 
airborne  tularemia  has  a  mortality  of  less  than 
50%  in  man  (13)  but  is  usually  fatal  in  monkeys. 
It  seemed  likely,  therefore,  that  prophylactic 
regimens  of  tetracycline  which  were  only  partially 
successful  in  monkeys  might  succeed  in  men. 

The  results  of  trials  in  volunteers  who  inhaled 
23,000  F.  tuktreruls  SCHU-S4  confirmed  the 
prediction  (Table  3).  (Healthy  young  Seventh 
Day  Adventist  soldiers  participated  on  a  volun¬ 
tary  basts;  they  were  informed  of  the  nature  of  the 
studies  prior  to  volunteering  (Army  Regulation 
70-23,  Use  of  volunteers  as  subjects  of  research). 
The  men  were  observed  closely  in  the  hospital 
before  and  after  exposure.  Sere  obtained  prior 
to  participation  did  not  contain  F.  tularensis 
agglutinins.  The  volunteers  were  examined  at 
least  twice  daily,  and  their  rectal  temperature 
was  recorded  every  6  hr.  Blood  count,  erythro¬ 
cyte  sedimentation  rate,  end  serum  C  reactive 
protein  were  determined  and  a  chest  X  ray  was 
obtained  weekly  (more  often  during  periods  of 
illness).  Fever  (rectal  temperature  >37.8  C), 
unassociated  with  signs  of  a  disease  other  than 
tularemia,  was  the  principal  criterion  of  illness. 
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Ta«u  J.  Tetracycline  prophylaxis  of  human 
airborne  tularemia  (treatment  Instituted 
14  hr  after  exposure) 
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Volunteers  who  developed  disease  after  comple¬ 
tion  of  an  experimental  schedule  of  tetracycline 
wen  promptly  treated  with  streptomycin,  1  g 
each  12  hr  for  14  doses.  All  recovered  quickly 
without  complication*  or  sequelae.  Aerosols  of 
F.  thlartniu  were  created  in  a  modified  Hender¬ 
son  apparatus  (3,  4).  The  man  inhaled  through 
the  nose  and  exhaled  through  the  mouth.)  All 
control  subjects  developed  acute  tularemia  be¬ 
tween  2  and  7  days  after  exposure.  (These  man 
participated  in  studies  of  therapy;  see  below). 
Administration  of  1  g  of  tetracycline  each  day, 
beginning  24  hr  after  exposure,  completely  sup¬ 
pressed  illness  (hiring  the  treatment  period,  but 
when  treatment  was  Hopped  after  1 5  days,  2  of  10 
volunteers  developed  scute  tularemia.  Exteorion 
of  treatment  to  28  days  prevunted  ill-teti.  K.  m- 
piete  protection  was  also  achieved  by  admui>  ^ra¬ 
tion  of  2  g  of  tetracycline  daily,  even  though 
treatment  was  terminated  after  14  days  Inter¬ 
mittent  (hug  administration,  i.e,  every  other  day, 
foiled  to  protect  the  volunteers.  The  pattern  of 
agglutinin  response  was  consistent  with  the 
clinical  effectiveness  of  prophylactic  therapy,  i.e., 
titers  were  high  (1 : 1,280)  in  tuhjects  after  overt 
illness  but  negative  or  low  (1 :80  or  leas)  in  the 
men  who  remained  free  from  disease. 

In  contrast  to  the  results  in  M.  mulatto,  the 
human  studies  showed  that  satisfactory  prophy¬ 
laxis  of  airborne  tularemia  could  be  achieved 
with  tetracycline,  the  simplest  and  shortest 
regimen  being  2  g  of  drug  daily  for  14  days.  With 
this  schedule,  disease  was  completely  suppressed 
both  during  and  after  the  treatment  period;  F. 
tuiarensis  agglutinins  either  did  not  appear  or 
developed  only  in  low  titer. 

Tethacycuns  Tmixapy 

The  initial  objective  in  the  therapy  of  acute 
tularemia  is  the  rapid  relief  of  clinical  manifesta¬ 
tions,  an  objective  readily  accomplished  with 


bacteriostatic  drugs  (sec  above).  Thereafter,  the 
problem  is  the  same  as  that  in  prophylaxis— the 
suppression  of  multiplication  for  sufficient  time 
for  host  mechanisms  to  eradicate  me  micro¬ 
organisms.  The  major  difference,  ihen,  in  the  two 
situations  is  the  extent  of  microbial  multiplica¬ 
tion,  and  supposedly  the  degree  of  stimulation  of 
defense  mechanisms,  prior  to  initiation  of  treat¬ 
ment.  Therefore,  after  control  of  clinical  itlnees, 
therapeutic  regimens  similar  to  *bn«e  found 
effective  in  prophylaxis  should  result  in  a  negligi¬ 
ble  relapse  rate,  even  if  therapy  is  instituted  early 
in  the  course  of  disease 

Volunteers  exposed  to  25,000  airborne  F 
tuiarensis  (are  above)  became  acutely  ill  after  a 
mean  incubation  period  of  3  days  (range  of  2  to  7 
dayi).  The  onset  of  illness  was  gradual  in  15%  of 
subjects,  and  a  bi phasic  course  was  occasionally 
observed.  Treatment  was  instituted  early,  within 
48  hr  of  initial  signs  of  illness  in  83%  of  the  men, 
and  in  no  case  later  than  the  5th  day  aftar  initial 
signs.  Large  dorea  of  tetracychne  were  admin¬ 
istered  during  the  first  24  hr,  i*.  I  g  every  6  hr, 
to  insure  high  initial  blood  levels,  and  the  daily 
maintenance  quantity  was  administered  there¬ 
after  fas  four  equal  done. 

During  the  initial  phases  of  evaluation  of 
tetracycline  therapy,  inf  mtoaot  treatment 
schedules  were  examined.  Therapy  consisting  of 
three  five-day  courses  of  tetracycline  (as  g  every 
6  hr)  separated  by  3  days  without  drug  was 
efficacious  (Fig.  4) ;  the  patients  responded  rapidly 
and  remained  well  thereafter.  These  results  led 
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to  on  attempt  to  reduce  the  number  at  treatment 
periods.  After  the  initial  3  days  of  therapy,  no 
additional  drug  was  liven  to  another  poup  of 
volunteers  until  ordered  by  the  ward  physician, 
who  seta  instructed  to  institute  treatment  at  the 
Ant  sign,  no  matter  how  equivocal,  of  a  recur¬ 
rence.  The  mutts  were  unsatisfactory  (Fig.  3). 
In  most  instances,  the  recurrences  were  so  rapid 
in  onset  that  the  men  were  disabled  by  the  time 
treatment  was  effectively  instituted;  ie,  the  time 
between  recognition  of  possible  recurrence  end 
achievement  of  effective  levels  of  dru*  in  the 
patient  exceeded  the  time  required  for  the  i  ferns 
to  praams  from  well-being  to  disability  More¬ 
over  ,  threr  courses  of  treatment  were  administered 
in  6  of  the  S  subjects.  It  seemed,  therefore,  that 
there  was  little  likelihood  of  developing  effective 
interrupted  treatment  schedules  cither  employing 
substantially  less  drug  or  of  shorter  duration  than 
that  originally  evaluated.  Later  studies  (see  be¬ 
low)  indict. ted  thrt  continuous  tetracycline 
therapy  with  similar  quantities  of  drag  was 
equally  effective;  interrupted  therapy,  therefore, 
did  not  offer  any  advantage  over  the  simpler  con¬ 
tinuous  treatment  schedule. 

Prompt  dinicel  improvement  was  achieved 
with  the  continuous  therapeutic  regimens  listed 
in  Table  4.  Treatment  with  22  g  of  tetracycline  in 
10  days  resulted  in  a  high  incidence  of  relapse. 
The  same  daily  dose  continued  through  13  days 
was  not,  however,  followed  by  relapse  in  any  of  the 
20  patients,  12  infected  with  the  SCHU-S4  strain 
and  R  infected  with  the  SCHU-S5  strain.  The 
SCHU-S5  strain  tfcffers  from  SCHU-S4  strain 


only  in  resistance  to  streptomycin,  SCHU-S5 
resisting  more  then  1.000  agml  When  the  daily 
dose  was  halved,  two  of  eight  men  hud  e  relapse 
after  13  days  of  therapy. 

As  predicted,  the  simplest  and  most  successful 
tetracycline  regimen  for  pruphy lusts  was  hi, 
similar  to  the  hest  therapeutic  regtmen,  ie.,  I  g 
of  tetracycline  twice  daily  for  14  days  computed 
with  4  g  of  tetracycline  the  1st  day  followed  by 
0.3  g  four  times  daily  for  14  additional  days. 
From  •  practical  standpoint,  it  would  be  desirable 
to  have  a  single  schedule  of  tetracycline  admin¬ 
istration  for  both  prophylaxis  and  therapy  of  air¬ 
borne  tularemia  Therefore,  sit  volume**  with 
acute  illness  were  treated  exactly  according  to 
the  schedule  found  successful  for  prophylaxis; 
all  recovered  rapidly  and  remained  well.  Thus,  a 
simple  schedule  of  tetracycline  treatment  was 
effective  in  both  prophylaxis  and  therapy  of 
human  ait  borne  tularemia;  that  schedule  was  I 
g  of  tetracycline  twice  daily  for  14  days.  Because 
this  treatment  schedule  was  suitable  for  infections 
induced  by  exposure  to  a  large  number  of 
organisms,  the  regimen  should  be  satisfactory 
over  the  entire  range  of  exposure  encountered 
either  in  nature  or  in  laboratory  accident. 

Omca  Axmasom 

For  infection  with  streptomycin-sensitive  F. 
ftrfarev/i,  the  clinician  has  a  choice  ol  effective 
antibiotics,  particularly  streptomycin  and  tetra¬ 
cycline.  In  cases  of  infection  by  ttreptomycin- 
resi slant  organisms,  effective  alternatives  to 
tetracycline  are  needed.  Therefore,  a  number  or 
antibiotics  active  against  F.  wktrtmls  SCHU-S5 
(streptomycin -resistant)  in  vitro  have  been 
evaluated  in  the  therapy  of  airborne  infection  of 
monkeys  with  the  SCHU-SS  strain  (Table  5) 
The  inhaled  dose  was  10,000  organisms;  12 
control  monkeys  became  ill  within  72  hr  and  died 
between  the  7th  and  15th  day  after  exposure. 
Therapy  was  started  eeriy,  i  e.,  after  12  hr  with  a 

Tabu  4  Teirotyrlinr  i  hr  ropy  of  homo*  airborne 
tularemia 
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*  Alt  men  received  4  g  of  drug  the  1st  day  of 
therapy.  Daily  dose  was  given  at  6  hr  intervals. 

*  Twelve  men  infected  with  the  SCHU-S4  strain 
and  eight  with  the  SCHU-SJ  strain  of  Franciir/la 
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T ABU  J.  Antthintir  tkrrapy  of  Mtuma  mulatto 
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•  Divided  into  three  dove*.  Therapy  wav  con¬ 
tinued  for  7  days  or  until  the  animal  was  afebrile 
for  7?  hr  whichever  was  lonaer 

k  An  animal  was  classihed  at  Having  a  slow  re¬ 
sponse  if  more  than  7 2  hr  of  treatment  were  re¬ 
quired  before  it  became  afebrile. 

temperature  >40  C  or  a  single  temperature  of 
41  C  or  greater.  Tetracycline  treatment  resulted 
in  rapid  response,  but,  as  expected,  relapses 
followed  this  short  coutse  (see  Tabic  5).  Kana- 
mycin,  which  was  bactericidal  in  vitro,  was 
bactericidal  in  vivo  as  wdl,  and  effected  cure, 
albeit  the  initial  response  was  somewhat  slow  in 
two  monkeys.  Novobiocin  (Eigelsbach,  Herring, 
and  Halstead,  Bacterioi.  Proc.,  p.  69, 1937)  gave 
results  similar  to  those  obtained  with  tetracycline. 
Although  gentamicin  was  quite  active  against 
F.  lulamm  SCHU-SJ  in  vitro,  therapy  with  it 
was  disappointing  All  monkeys  responded,  >jt 
only  slowly  ;  three  of  the  eight  had  a  relapse 

These  resul's  suggest  that  novobiocin  may  he 
employed  in  the  therapy  of  human  tularemia,  but 
that  prolonged  counts,  such  as  those  found 
necessary  with  other  bacteriostatic  drugs,  arc 
likely  to  be  necessary  if  therapy  is  to  he  com¬ 
pletely  successful.  Although  the  bactericidal  drug 
kanamycin  was  highly  effective,  its  toxicity  is 
such  that  it  cannot  he  recommended  for  primary 
treatment.  It  may,  however,  he  of  value  as  a 
"backstop"  in  chronic,  recurring  infections  and 
as  an  alternative  to  the  broad-spectrum  drugs  in 
the  mansgemem  of  infections  by  streptomycin- 
resistant  organism. 

Summary 

Unlike  streptomycin,  tetracyline  and  the  other 
broad-spectrum  antibiotics  do  not  kill  susceptible 
F.  mlarmls  in  vitro  or  in  vivo.  The  broad- 
spectrum  thugs  owe  their  effectiveness  to  their 
bacteriostatic  action;  they  check  multiplication  of 
the  invading  organisms  until  host  defense  mecha¬ 
nisms  can  eliminate  the  bacteria.  Elimination  of 
F  mlarrmls  within  cells  proceeds  slowly,  and 
organisms  may  persist  for  many  days  in  man 
(and  many  weeks  in  monkeys)  during  tetracycline 
treatment.  The  ■-  ults  of  the  present  studies  of 


tetracycline  treatment  indicate  that  infection  with 
F.  tuhrrnsts  can  be  eradicated  through  bacterio¬ 
static  antibiotic  tl -crapy  provided  (i)  that  the 
antibiotic  is  administered  in  amounts  sufficient  to 
unutin  continuous  suppression  of  growth  of 
intracellular  organisms,  and  f ti»  that  the  regimen 
is  maintained  for  a  sufficient  period  of  time. 
These  objectives  have  been  met  by  a  regimen  of  2 
g  of  tetracycline  daily  for  14  days.  This  regimen 
may  be  employed  both  for  prophylaxis  and  for 
therapy  of  human  airborne  tularemia 
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The  ekgpm  work  of  Dr.  Sawyer  and  his 
coUmbms  presents  data  which  an  of  consider¬ 
able  importance,  not  only  to  those  dialing  with 
luLuamia  and  related  diseases,  hut  aho  to  many 
investigators  who  are  interested  in  the  general 
prindpias  of  antibiotic  therapy  and  prophylaxis. 
This  discussion  is  hosed  on  a  *enenl  perspective, 
with  emphasis  on  the  prophylactic  aspects. 

All  chemotherapeutic  activity  must  be  viewed 
in  term*  of  the  therapeutic  ratio  concept  Since 
there  is  rarely  an  assurance  in  natural  situations 
that  any  given  individual  upon  sxpoaure  will 
develop  a  clinical  illness,  the  therapeutic  ratio  in 
the  prophylactic  situation  has  to  be  expressed  in 
terms  of  group  risk,  group  results,  and  group 
toxicity.  Thin,  if  only  one-half  of  an  exposed 
population  is  destined  to  become  iD  and  the 
prophylactic  rep  men  gives  no  better  end  results 
than  the  treatment  of  half  the  group  of  subjects 
who  actually  become  ill,  the  toxicity  is  doubled 
for  the  group  ts  a  whole  and  the  results  are  no 
better  than  those  of  therapy;  hence,  the  thera¬ 
peutic  ratio  is  less  favorable.  Since  the  accentua¬ 


tion  of  toxicity  is  the  moat  marked  effect  of 
prophylaxis,  prophylaxis  is  usually  attempted 
with  the  least  toxic  drugs  or  with  a  reduced  dose 
in  addition,  because  it  is  often  not  possible  to 
determine  with  accuracy  the  expected  infection 
rale  in  the  natural  situation,  it  has  been  more 
difficult  to  measure  prophylactic  than  therapeutic 
benefits.  Clearly  ,  the  animal  and  volunteer  studies 
of  Sawyer  meet  (he  problem  of  evaluation  well 
and  thus  provide  important  insight.  Unfortu¬ 
nately,  even  the  results  of  treatment  of  a  random 
sample  of  an  exposed  population  in  a  temickned 
situation,  when  the  infection  rate  is  unpredict¬ 
able,  may  be  difficult  to  interpret,  since  the 
treatment  of  some  members  of  the  group  may 
influence  the  infection  rate  among  the  untreated. 

The  most  important  principle  illustrated  by 
these  dnta  is  the  primary  importance  of  the  host 
defense  mechanisms.  The  superior  results  in  man 
as  compared  with  monkeys  correlates  well  with 
the  higher  spontaneous  recovery  rates  among  the 
former.  It  is  possible  that  much  of  what  has  been 
demonstrated  is  interpreuble  in  terms  of  the 
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natural  history  of  the  disease  and  the  defense 
me.hu  mum  Thai  the  agglutinin*  which  were 
demonMiatcd  went  not  capable  of  terminating 
the  disease.  per  *e.  appear*  clear  from  the  fact 
that  the  titer*  appeared  early  in  l hole  animal* 
in  which  the  prophylactic  regimen  failed  to  sup 
prev  •symptom*  even  aOer  the  response  had  be¬ 
gun  On  the  other  hand,  tn  animals,  given  the  42- 
day  course  of  tieatment,  which  remained  well 
thereafter,  antibodies  were  not  demonstrated 
Measurement  of  a  single  type  of  antibody  does 
not,  however,  preclude  the  presence  or  absence 
of  others  A  difference  in  the  effectiveness  of  anti¬ 
body  as  an  anti  infectious  agent  may  be  part  of  the 
explanation  for  the  differences  between  the 
success  of  the  intermittent  regimens  in  the 
nekettstoses  in  contrast  to  its  failure  here.  The 
studies  on  vaccines,  including  those  reported  at 
this  conference,  do  not  lend  much  support  to  this 
hypothesis  Another  factor  accounting  for  the 
difference  may  be  the  relatively  short  incubation 
period  of  thu  disease;  hence  symptoms  reappear 
in  the  brief  drug  free  interval,  whereas  the  longer 
period  in  rickettsial  disease  may  place  the  second 
course  within  the  relapse  incubation  time.  It 
would  appear  unlikely  that  intracellular  parasi¬ 
tism  account*  for  the  difference  -tore  both 
organism*  are  intracellular  and  tetracycline,  ap¬ 
parently  at  least,  can  indue  oe  them  there.  Per 
hap*  extracellular  phase*  may  be  of  importance 

With  respect  to  the  type  of  stimulation  of  the 
defense  mechanism,  the  attenuated  nature  of  the 
post  tieatment  relapses  is  of  interest.  This  appears 
to  be  evidence  of  a  partial  stimulation  of  host 
immunity.  It  it  conceivable,  however,  that  in 
effect  then  has  been  a  reduction  in  the  surviving 
inoculum,  w?  that  the  infection  observed  is  of  the 
same  type  as  would  have  resulted  from  a  tub- 
lethal  dose  without  drug  administration. 

This  study  ,  of  course,  is  immediately  applicable 
to  the  disease  studied,  but  is  also  probably  a 
guide  to  other  infection*  in  which  orguvismt 
survive  within  host  cell*.  Perhaps  the  most 
important  disease  it  tuberculosis  Can  one 
reconcile  with  the  data  of  Sawyer  the  results  in 
the  held  trials  of  isoniazid  prophylaxis  in  the 
person  who  has  recently  hegun  to  react  to 
tuberculin3  In  view  of  the  fact  that  in  tuberculo¬ 
sis  the  expected  symptomatic  infection  rate  is  well 
hdow  that  wen  in  these  volunteer  infections,  one 
might  attribute  more  to  the  host  defenses  than  to 
succeuof  the  regimen  That  some  break  through* 
do  occur  even  when  there  ts  good  evidence  that 
the  drug  is  being  taken,  hut  that  many  more 
occur  when  it  is  stopped  prematurely,  suggests 
that  the  situation  is  similar,  even  though  the  rates 
are  proportionally  much  lower  This  similarity  is 


observed  in  spite  of  the  fact  that  isoniazid  has 
equally  favorable  distribution  charzcteristic*  and 
is.  in  addition,  mote  bactenndal  <hnn  me  tetra¬ 
cycline*  used  in  these  experiment*.  The  question 
mey  well  he  raised  a*  to  what  the  imracr">  ’ir 
location  offers  in  the  way  of  protection  to  the 
pathogen*  In  the  tularmua  model,  at  least,  there 
t*  no  reason  to  suspect  that  tetracycline  becomes 
ineffective  by  causing  the  production  of  wall  less 
forms,  hut  a  relatively  dormant  state  might  welt 
persist,  sheltered  intraceilulariy  from  host 
destruction  until  after  the  drug  disassociate*  from 
the  anabolic  mechanism*  and  multiplication  of  the 
organism*  begins  again  If  this  is  so,  one  might 
expect  a  difference  between  prophylaxis  preceding 
inoculation  and  traaimeM  during  the  incubation 
period.  Effective  treatment  of  tuherculm-rte^tive 
children  who  have  contact  with  infectious  persons 
suggests  that  this  may  he  so.  Dr.  Sawyer's  model 
could  give  some  guidance  on  this  point,  which  is 
not  well  established  by  the  Held  trials.  By  extend¬ 
ing  the  number  treated  to  a  still  lowet  risk  group, 
the  therapeutic  ratio  it  made  less  favorable,  so 
more  precise  data  would  he  appropriate 

Of  interest  is  the  fact  that  tetracycline  is 
bacteriostatic,  and  the  results  era  not  at  satis¬ 
factory  as  those  with  kanemyein.  which  it 
bactericidal.  Several  of  the  moat  successful 
prophylactic  regimens  have  been  the  bacterio¬ 
static  sulfonamides  used  in  relatively  small  doses 
against  susceptible  strains  of  meningococci  and 
group  A  Streptococci.  Tetracycline  prophylaxis 
also  appears  to  he  effective  against  the  latter,  but 
less  so  ■  gainst  the  former  These  unexpectedly 
good  results  may  be  related  to  inoculum  siae  or 
tu  the  extracellular  nature  of  these  infections,  or 
both.  In  the  case  of  the  meningococcus,  the 
sulfonamides  work  both  pre  and  postinoculation, 
even  in  quite  small  doses  for  short  periods.  The 
least  explained  exception  to  the  rule  of  relatively 
incomplete  activity  of  bacteriostatic  drug*  is 
the  very  low  relapee  rate  among  patients  with 
HotmtipMw  irrfUrnia*  meningitis,  even  though 
there  is  little  reason  n  suspect  great  recovery 
powers  on  the  part  of  the  host,  as  judged  by  the 
natural  history  of  the  untreated  disease.  Similarly, 
we  observed  tetracycline  to  be  quite  successful  in 
preventing  Hatmophihu  infection  of  the  upper 
airways  in  patients  on  a  rheumatic  fever  ward 
AH  of  these  results  suggest  a  marked  difference 
in  those  situations  in  which  the  defense  mecha¬ 
nisms  rely  heavily  on  a  pyogenic  response  and 
those  in  which  they  do  not. 

In  many  practical  applications  of  prophylaxis, 
the  results  are  greatly  affected  bv  the  fact  that 
any  one  of  a  number  of  strains  of  the  same  or  of 
different  species  may  give  similar  difficulty.  When 
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supcrinfecting  Crains  are  more  drug-resistant, 
prophylaxis  may  even  be  detrimental . 

Since  in  the  “virgin”  community  the  susceptible 
forms  almost  always  predominate  over  the 
resistant  types,  they  must  have  a  survival  ad¬ 
vantage  of  some  not  yet  defined  sort.  Theoreti- 
cally,  such  an  advantage  may  be  great  or  small.  If 
it  were  great,  it  is  likely  that  a  much  larger 
proportion  of  a  population  would  have  to  be 
treated  and  thus  denied  to  the  susceptible  strains, 
in  order  for  the  shift  to  occur  toward  a  resistant 
population  among  the  untreated.  In  such  a  case, 
the  level  of  use  required  to  initiate  such  a  shift 
would  be  a  good  index  of  the  potential  for  a  drug 
to  cause  harm  upon  mass  usage.  Our  recent 
experiences  in  a  dosed  community  suggest  that 
the  breeding  of  resistant,  aerobic,  gram-negative 
rods  of  the  coliform  type  and  of  staphylococci 
starts  when  chloramphenicol  is  used  simul¬ 
taneously  in  about  5  %  of  the  population  and 
increases  linearly  with  usage  up  to  the  30%  level. 
These  resistant  populations  among  untreated 
patients  within  2  weeks  reach  a  level  as  high  as 
50%  of  the  positive  untreated  carriers.  With 
Escherichia  coll,  the  spread  pattern  of  resistant 
serotypes  is  clearly  demonstrable  as  early  as  36 
hr  after  the  drug  has  been  introduced  to  subjects 
on  the  ward-  Careful  analysis  of  the  serotypes 
and  phage  types  indicates  that  chloramphenicol 
and  tetracycline  are  good  prophylactic  agents  in 
these  infections  when  the  strains  are  susceptible, 
but  the  effect  is  masked  by  the  propagation  of 


resistant  populations.  Against  susceptible  strains, 
they  are  at  least  as  effective  as  bactencidal  agents 
are  against  the  streptococci. 

To  meet  this  problem,  there  have  been  several 
approaches.  One  is  to  treat  quite  briefly  at  the 
time  of  maxima  exposure,  for  example,  during 
surgery.  Another  consists  of  using  the  drug 
locally  in  hig1  oncentrations  often  in  such  a  way 
that  resistant  strains  might  not  be  spread  readily, 
since  the  area  being  treated  is  not  one  of  the 
primary  portals  of  spread.  Tiiis  type  of  prophy¬ 
laxis  is  best  illustrated  by  me  use  of  antibiotics 
within  the  urinary  bladder  and  of  sulfamyelon  on 
burns.  The  situation  is  less  clear  for  the  use  of 
protective  nasal  ointments,  although  there  have 
been  some  successes.  Of  interest  to  this  con¬ 
ference  might  be  the  reinvestigation  of  aerosol 
prophylaxis  and  treatment.  Previous  poor  results 
might  well  have  been  conditioned  by  improper 
sterilization  of  the  equipment  and  the  results 
falsely  attributed  to  failure  of  the  method. 

One  might  predict  that,  for  systemic  infections 
with  specific  highly  virulent  strains,  systemic 
prophylaxis  will  continue  to  be  developed  within 
the  limitations  of  a  favorable  group  therapeutic 
index.  For  those  situations  in  which  there  is  a 
potential  for  a  resistant  organism,  present  among 
the  varied  and  mixed  flora,  to  become  dominant 
and,  in  addition,  in  which  there  is  often  a  mark¬ 
edly  impaired  host  resistance,  a  further  trial  of 
local  regimens  will  probably  be  made. 
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Introduction 

Many  investigators  are  concerned  with  the 
study  of  the  stresses  or  aerosolization.  As  stated 
by  Madin  in  the  foreword  to  the  First  Inter¬ 
national  Symposium  on  Aerobiology  (15),  they 
may  be  said  to  be  engaged  in  studies  oriented 
toward  finding  the  most  tolerable  conditions 
under  which  bacteria  may  live  in  the  airborne 
state  and  be  infective.  An  entire  session  of  the 
Berkeley  Symposium  entitled  Survival  and 
Viability  was  devoted  to  describing  studies 
dealing  with  the  stress  of  dehydration  and  its 
effect  upon  the  viability  of  microorganisms.  This 
stress  was  shown  to  be  of  major  and  primary 
importance  in  the  study  of  airborne  infection. 

Dunklin  and  Puck  (6)  suggested  that  the 
sensitivity  of  microorganisms  increases  at  a 
critical  degree  of  dehydration.  They  based  their 
suggestion  on  observations  on  the  variation  of  the 
death  rate  of  airborne  bacteria  with  variation  in 
relative  humidity  (RH).  Webb  (24)  attributed  the 
lethal  effects  of  dehydration  in  the  aerosol  to  a 
physical  change  in  the  structure  of  an  essential 
macromolecule  when  water  bound  to  this  mole¬ 
cule  is  removed.  Later,  Webb  (25, 26)  stated  that 
the  bound  water  molecules  appear  to  occupy 
strategic  positions  in  the  molecule,  and  only 
certain  chemicals  capable  of  forming  hydrogen 
bonds  of  the  correct  type  can  replace  than  and 
maintain  the  biological  integrity  of  the  macro- 
molecule.  Zimmerman  (29),  reporting  studies  on 
both  freeze-drying  and  aerosolization,  proposed 
that  noepermeabte  sugars  counteract  the  stress 
of  aerosolization  through  a  plasmolytic  dehydra¬ 
tion  of  the  organism.  Conversely,  freely  penetrat¬ 
ing  sugars  are  required  to  minimize  the  effects  of 
the  stress  of  freeze-drying. 

Monk  and  McCaffrey  (16)  showed  that  the 
death  rate  of  rehydrated  Serratia  tnarcesceru  is 
maximal  at  a  water  content  of  33%,  but  stated 
that  the  effects  of  oxygen  on  the  death  rate  had 
not  been  determined  (17).  Hockley  and  Dimmick 
(9)  remarked  that  a  study  of  lyophilized  orga¬ 


nisms  has  a  place  in  aerobiology  because  freeze- 
dried  organisms  are  similar  to  airborne  cells  in 
that  they  are  essentially  naked  and  in  direct 
contact  with  the  atmosphere.  Earlier,  Davis  and 
Bateman  (2,  3)  had  investigated  the  killing  of 
freeze-dried  Escherichia  coll,  Micrococcus  lyso- 
delkilats,  and  S.  manescens  upon  exposure  to 
water  vapor  in  vacuo,  and  had  made  a  quali¬ 
tative  correlation  between  susceptibility  to  injury 
and  surviving  oxidative  metabolism  of  the  cell 
types.  The  assumption  common  to  most  of  this 
work  has  been  that  a  change  in  cellular  water 
(dehydration  or  rehydration)  causes  the  death  of 
the  cell  by  the  physical  disruption  of  vital  struc¬ 
tures,  by  concentration  of  toxic  chemical  material 
within  the  cell,  or  by  creating  an  imbalance  in 
metabolic  activity. 

Effect  or  Oxyosn 

Rogers  (19)  was  one  of  the  first  investigators  to 
recognize  the  lethal  effects  of  oxygen  on  lyo¬ 
philized  organisms.  Naylor  and  Smith  (18)  have 
reported  results  in  agreement  with  those  of 
Rogers.  These  investigators  reported  that  survival 
is  highest  for  organisms  stored  under  vacuum  and 
lowest  for  those  stored  in  air  or  oxygen.  Atmos¬ 
pheres  of  nitrogen,  hydrogen,  and  carbon  di¬ 
oxide  yield  intermediate  results.  Scott  (20)  re¬ 
ported  that  the  effect  of  the  atmosphere  upon  the 
survival  of  dried  bacteria  depends  upon  the 
nature  of  the  suspending  medium  and  its  moisture 
context.  Recently  Lion  and  Bergmann  (12,  13) 
listed  numerous  substances  that  protect  lyo¬ 
philized  E.  coll  against  the  lethal  effects  of  oxygen. 
Lion  (14)  suggested  that  a  prerequisite  for  effec¬ 
tive  protection  against  oxygen  in  the  dry  state  is 
the  accumulation  of  the  solute  around  the 
bacteria,  which  be  assumed  to  occur  during 
lyophiliation.  Benedict  et  al.  (1)  reported  that 
atmospheric  oxygen  lolls  95%  of  dried  5.  mar- 
ctscens  in  10  min,  that  certain  reducing  agents 
prevent  the  action  of  the  oxygen,  and  that 
humidity  seems  to  play  no  role  in  thephenom- 
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Fla.  1.  Survival  of  aerosolized  Serratia  marcescens 
after  contact  with  various  concentrations  of  O,  at  40% 
Ah,  25  C.  Suspensions  contain  washed  cells  in  water 
with  20  X  10*  viable  S.  marcescens  cells  per  milliliter 
and  2.0  X  10*  viable  Bacillus  subtills  spores  per  milli¬ 
liter.  N/N,  —  ratio  between  viable  5.  marcescens  and 
B.  subtUis  spores  collected  from  the  same  aerosols, 
corrected  for  differences  in  control  viable-cell  counts: 
P,  —  atmospheric  pressure,  P  -  partial  pressure  of 
Oj.  Results  of  one  typical  set  of  trials. 


Fig  2.  Survival  of  aerosolized  washed  Serratia 
marcescens  after  32  min  versus  Ot  concentration.  Same 
symbols  as  for  Fiv  I. 


enon.  Wagman  (23),  however,  demonstrated  a 
marked  dependence  of  survival  -;pon  residual 
moisture  in  studies  of  circulating-gas  (air)  freeze- 
drying  of  water-washed  S.  marcescens  and  E. 
cali. 


Fig.  3.  Survival  of  washed  Serratia  marcescens  In 
nitrogen  with  J%  Ot  added  at  times  indicated  by  arrows. 
Same  symbols  as  for  Fig.  1. 


Table  I .  Survival  of  washed  and  unwashed  Serratia 
marcescens  aerosolized  into  air  or  Up 


! 

Aerosol  i|t  j 

.V/.Yt 

h 

1 

Air 

!  >>• 

Unwished  1 

L_  .  i 

Wished 

|  Unwished 

|  Wished 

mim 

I 

I 

: 

4 

0.009  I 

0.230 

ii.o  : 

1.0 

18 

0.0007  j 

0.040 

i  0.92  I 

0.9$ 

32 

|  0.0001  1 

0.024 

i  0.90 

0.90 

150 

0.007 

i  0.72  j 

0.70 

300 

[  -C 

0  004 

1  0.70  ! 

1  t 

0.69 

*  Suspensions  contained  20  X  10*  5.  marcescens 
celts  per  milliliter  and  2  X  10*  Bacillus  subtilis 
var.  niger  spores  per  milliliter.  All  aerosols 
generated  at  40%  RH,  25  C. 

*  Ratio  of  S.  marcescens  to  B.  subtilis  spores  in 
the  same  aerosol,  corrected  for  differences  in 
control  counts. 

*  Too  low  to  assay. 

Studies  of  the  effects  of  ascorbic  acid  on 
aerosolized  5.  marcescens  in  our  laboratory 
suggested  that  interaction  between  the  cells  and 
atmospheric  oxygen  may  contribute  to  the  death 
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Table  2.  Effect!  of  various  compounds  on  survival  of  aerosolized  Srrraita  marcescens • 


Compound 


Coacn 


•V/.V,* 


4  min' 

II  min 

11  min 

None  (air,  97%  RH)  . 

mUu/liltr 

1.07 

1.03 

1.00 

None  (air,  40%  RH) 

— 

0.23 

0.04 

0.02 

None  (Ni) . 

- - 

1.00 

0.95 

0.90 

MnSO« . 

5  X  10-* 

0.77 

0,51 

0.48 

MnCli . 

3  X  10-* 

0.47 

0.37 

0.34 

MniNO,)j . 

2  X  I0-* 

0.41 

0.35 

0.19 

MgSO, . 

2  X  10-* 

0.28 

Oil 

0.07 

CoClt . 

2  X  10**' 

0.52 

0  22 

0.13 

NaCl . 

8  X  tO-* 

0.06 

0.03 

0.01 

CuSO, . 

2.5  X  10-*' 

0.20 

0.04 

0.03 

Glycerol . 

1  X  IO-* 

0.47 

0.28 

0.18 

Thiourea . . 

1  X  10-* 

0.44 

0.25 

0.21 

Cysleine-HCl* . 

5  X  10-* 

0.26 

0.10 

0.06 

Nethylmaleimide  (air) . 

1  X  io-*' 

0.20 

0.07 

0.05 

N-ethyimaleimide  (N») . 

1  X  10-*' 

0.75 

0.44 

0.40 

*  Suspensions  contained  20  X  10*  5.  marcescens  cells  per  milliliter  and  2  X  10*  Bacillus  subtiUs  var. 
nigtr  spores  per  milliliter.  All  aerosols  were  generated  in  air  at  40%  RH ,  25  C,  except  as  noted- 

*  Ratio  of  5.  marcescens  to  B.  subtllis  spores  in  the  same  aerosol,  corrected  for  differences  in  control 
counts. 

'  Aerosol  age. 

'  Higher  concentrations  were  toxic  to  control  suspensions. 

*  Brought  to  pH  7.0  with  NaOH. 


of  cells.  Preliminary  experiments  indicated  that, 
when  5.  marcescens  is  aerosolized  into  air  diluted 
with  nitrogen,  the  death  rate  increases  with 
oxygen  concentration. 

Work  was  undertaken  to  test  the  possibility 
that  drying  sensitizes  organisms  to  lethal  effects 
of  oxygen  but  in  itself  is  not  the  direct  cause  of 
death  of  the  microorganisms.  Hess  (10)  tested 
the  effects  of  oxygen  on  aerosolized  S.  marcescens, 
and  Dewald  (5)  has  studied  the  kinetics  of  the 
effects  of  oxygen  on  lyophilized  5.  marcescens. 
It  is  appropriate  to  describe  the  results  of  their 
studies  in  some  detail. 

Aerosol  Experiment 

Hess  (10)  aerosolized  water  suspensions  of  5. 
marcescens  (ATCC  strain  14041)  in  a  rotating 
drum  of  86  6-liter  capacity  revolving  at  5  rev /min 
(8).  Bacillus  subtllis  spores  were  used  as  a  tracer 
to  indicate  maximal  viable-cell  recovery.  Ratios 
of  viable  S  marcescens  and  B.  subiilis  spores 
from  aerosols  stored  in  various  concentrations  of 
oxygen  are  shown  in  Fig.  1.  Maximal  survival  of 
the  5.  marcescens  occurred  at  the  minimal 
oxygen  concentration  attained,  and  at  that  point 
was  nearly  equivalent  to  spore  survival.  As  the 
oxygen  concentration  was  increased,  loss  in 
viability  increased  so  that  log  N/Nt  =  k  log  P/Pt 


+  C  (Fig.  2).  All  aetoaols  were  generated  from 
thoroughly  washed  cells  free  from  added  solutes. 
The  tests  were  performed  at  40%  RH  because 
aerosols  of  this  organism  routinely  yield  minimal 
survival  in  air  at  this  humidity. 

Lethal  effects  were  observed  when  O,  was 
added  to  aerosols  originally  disseminated  into 
Ni  (Fig.  3).  Although  only  30%  km  in  viability 
occurred  during  5  hr  in  nitrogen  (Table  1),  the 
addition  of  5%  oxygen  resulted  in  at  least  80% 
loss  in  viability  within  30  min.  This  effect  was 
noticed  at  oxygen  concentrations  as  low  as  0.25  %, 
and  became  greater  as  oxygen  concentration 
increased.  The  addition  of  5%  oxygen  after 
aerosols  had  been  stored  in  nitrogen  for  up  to  40 
min  was  selected  ns  an  arbitrary  example  of  this 
system. 

Unwashed,  unstarved  marcescens  cells  were 
more  sensitive  to  storage  as  aerosols  in  air  (Table 
1)  and  respired  5  to  10  times  faster  than  washed 
shaken  ceils.  Stability  in  nitrogen  was  unim¬ 
paired,  however,  indicating  a  relationship  be¬ 
tween  respiration  and  senativity  to  oxygen. 

Effects  of  several  additives  on  the  stability  of 
aerosolized  S.  marcescens  are  shown  in  Table  2. 
These  compounds  were  selected  because  of  their 
demonstrated  influence  on  the  stability  of  enzymes 
in  organisms  exposed  to  oxygen  in  other  systems. 
The  concentration  of  each  compound  inducing 
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Fkj.  4.  Semi-Jog  plot  of  survival  versus  lime  after 
exposure  of  lyopMized  Serraila  marcescens  to  various 
pressures  of  oxygen  dry  air,  or  purified  nitrogen.  N„ 
and  N  art  Ike  number  of  viable  organisms  before  and 
after  the  exposure,  respectively. 


optimal  stability  in  the  aerosol  was  determined 
empirically. 

Experiments  were  perfumed  to  determine  the 
sensitivity  of  completely  hydrated  S.  marcescens 
to  oxygen.  Completely  hydrated  organisms  were 
insensitive  to  oxygen  at  pressures  up  to  100  psi  for 
4  hr,  and  no  viability  loss  occuned  in  aerosols  of 
washed  cells  in  air  at  91%  RH. 

Exposure  or  Lyophujzed  Organisms 

Dewald  (4)  has  developed  a  high-vacuum 
method  of  lyophilizalion  of  5.  marcescens  that 
yields  45  to  70%  survival  of  the  parent  suspen¬ 
sion;  he  has  used  this  material  to  study  effects  of 
exposure  to  oxygen  and  air  (SI. 

Data  on  survival  versus  time,  obtained  by 
exposing  lyophilixed  S.  marcescens  at  various 
pressures  of  oxygen,  dry  air,  and  nitrogen, 
indicate  a  dependence  upon  partial  pressure  of 
oxygen  similar  to  that  observed  in  the  aerosoli ra¬ 
tion  studies  of  Hess  (Fig.  4).  No  loss  in  viability 
could  be  detected  when  the  dried  organisms  were 
held  under  vacuum  for  periods  up  to  3  hr  at 
pressures  k_»  than  1(7~*  torr.  The  dependence  of 
viability  upon  the  partial  pressure  of  oxygen 


F>0.  3.  Semi-log  plot  of  survival  versus  oxygen 
pressure  after  0.5-  (line  A)  usd  l-Mr  (line  B)  exposures 
to  oxygen  or  partial  pressures  of  oxygen  in  dry  air; 
N,  and  N  are  the  number  of  viable  organisms  before 
and  after  exposure,  respectively.  Open  circles  and 
squares,  pure  oxygen;  closed  circles  and  squares, 
partial  pressure  of  oxygen  in  dry  air. 

after  0.5-  and  1-hr  exposures  at  25  C  was  demon¬ 
strated  (Fig.  5).  Another  representation  of  the 
inactivation  curves  (Fig.  6)  shows  that  the  survival 
data  can  be  linearized  by  plotting  log  N/N,  versus 
(time)1'*,  leading  to  a  rate  expression,  -la  N/N, 
■  Ktl",  where  K  is  a  pseudo  rate  constant  that 
in  turn  can  be  related  to  the  oxygen  concentra¬ 
tion  by  K  -  k  [O,]*  or  log*  K  -  n  logu  [Oj]  + 

logit*. 

The  pseudo  rate  constants,  K,  for  all  the  in¬ 
activation  data  determined  by  least  squares  fit 
and  related  k  values  are  given  in  Table  3.  The 
log  of  the  pseudo  rate  constant  versus  log  oxygen 
concentration  is  given  in  Fig.  7,  and  leads  to  the 
following  expression  for  the  inactivation  of  the 
freeze -dried  material  by  oxygen: 

-In  N/N,  -  JClO,V/,l,/* 

where  *  -  276  ±  36  moles  -1'*  cc1'*  hr-1'*  at  25 
C. 

The  Arrhenius  function  was  determined  for  the 
dried  organisms  exposed  to  dry  air  at  atmospheric 
pressure  for  1  hr  at  temperatures  ranging  from 
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Fkj.  6.  Srml-log  plot  of  survival  lersus  ( lime )><* 
o/lrr  exposure  of  lyopbUized  Srrralla  marrrscms  to 
various  pressures  of  oxygen  or  dry  air.  N.  ami  N  are 
Ike  number  of  viable  organisms  before  ami  after  ike 
exposure,  respectively. 


Table  3.  Kinetic  data  for  the  Inactivation  of 
Serraila  marcescens  by  oxygen 


Osyftn  1 

tour*  (ton) 

1  OmM 

!  Conor  (JO" r 
mok/rc  ) 

i 

'W- 

! 

c»J''*‘) 

! 

238 

139 

6.51 

271 

172 

92  5 

5.50 

261 

160* 

86.1 

1  5.17 

252 

159* 

85.3 

6,13 

300 

121 

65.0 

5.27 

283 

110* 

59.2 

4.79 

275 

71.6 

38.3 

4.15 

264 

53.7* 

28.9  | 

3.85 

271 

37.7 

:  203 

4.28 

337 

30.8* 

1  16.6 

3.02 

258 

23.6  1 

i  12.7  i 

3.31 

306 

11.0 

5.92  ; 

2.11 

251 

8.0  | 

I  4.30  | 

1 .85  | 

243 

7.8*  i 

j  4.20 

2.29  1 

306 

5.5 

;  i 

1.78 

j  267 

•  Calculated  by  uk  of  the  ideal  gas  law. 

*  Dry  air  used  as  source  of  oxygen. 


—  78  to  40  C.  The  results,  plotted  as  Fig.  B,  yield, 
by  least -squares  fit: 

*  _  10‘w***  exp  [(-430  =*=  26)  cal/RT) 
moles-1'*  cc,/l  hr-1''1 


ot- 


t*aw  0l»»»«  CMHMoliW.  ■lhl/*l 


Flo.  7.  Log it  of  the  pseudo  rate  constant,  K,  versus 
logu  of  dee  oxygen  coactntrutloo.  Open  circles,  pure 
oxygen;  dared  rinks,  dry  sir. 
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Fto.  8.  Arrhenius  phi  for  the  inactivation  of  Set- 
ratio  marcesrens  by  oxygen.  On  the  abscissa,  T  Is  In 
degrees  Kefrk. 

Discussion  and  Outlook 

The  results  here  can  be  compered  with  those  of 
aeroso  lira  lion  inactivation  (Fig.  9).  There  ap¬ 
pears  to  be  no  pronounced  difference  in  the 
degree  of  inactivation  after  0.5  hr  as  a  function 
of  the  partial  pressure  in  the  two  systems.  The 
data  of  Hess  were  obtained  at  40*1,  RH;  0%  RH 
was  used  in  the  lyophiluation -exposure  studies; 
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Flo.  9.  Log-tag  phi  of  arrived  of  Strrotia  jmt» 
cototaM  ivftti  pafflat  pvotatrt  of  N.amdNart 

ike  mtmkrr  of  v/akt r  orttmitmt  brfart  and  a/hr  tka 
ttrru.  Opr*  circ/rt,  thu  work,  fyopk/lliad  ocpmdamt 
aftrr  0.3-dr  rxponrt;  doatd  iHaaptra,  arwaollitd 
orgwdamr  aftrr  93  mta. 


boon,  direct  comparison  it  not  completely  valid. 
Additional  and  preliminary  atudiee  indicate  that 
the  survival  of  washed,  iyophilixed  5.  mortttems 
entpoead  to  oxygen  in  humidified  air  i«  eteentially 
Indspeothnt  of  RH  between  0  and  85%,  whereat 
the  turvival  of  the  orguriams  exposed  under  the 
■■me  conditions,  but  lyophilixed  from  suspen¬ 
sions  containing  0.03%  NaCl,  showed  a  marked 
dependence  on  RH.  The  comparison  does  indi¬ 
cate  a  remarkable  similarity  in  degree  of  inactiva¬ 
tion  in  the  two  systems.  Although  the  mechanism 
resulting  in  death  is  not  known,  the  date  require 
a  consideration  of  oxygen  effects  in  explaining 
the  stress  of  dehydration.  Hess  (10)  has  mads  a 
comparison  with  other  systems,  and  he  points 
out  similarities  with  studies  by  Hollaender, 
Stapleton,  end  Martin  (11)  end  Tslkntire  (21, 
22)  on  the  lethal  effects  of  oxygen  on  irradiated 
organisms.  Further,  he  recognized  the  hypothesis 
of  Garachman  ft  at.  (7)  concerning  a  common 
mechanism  betveen  oxygen  poisoning  and  the 
initial  effects  of  X  irradiation  in  biological  sys¬ 
tems,  and  he  proposed  that  O,  poisoning  and 
death  of  airborne  bacteria  may  be  si  mi  lady 
related.  Webb  (27,  28)  examined  the  effects  of 
ultraviolet  light  and  X  rays  upon  sir-dried  mkro- 
orgmisms,  and  proposed  that,  in  aerosols  below 
80%  RH,  death  due  to  toxic  chemicals,  irradia¬ 
tion,  or  desiccation  alone  is  the  direct  result  of 
removal  or  reorientation  of  bound  weter. 

It  is  deer  that  the  stress  of  dehydration  and  the 
events  that  are  initiated  by  application  of  this 
stress  remain  to  be  adequately  defined.  A  com¬ 
plete  description  of  the  behavior  of  microorgan¬ 
isms  and  their  reactions  to  the  environment  is 
required  to  understand  airborne  organisms  and 
the  complexities  of  airborne  infection. 
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Discussion 

MYLES  MAX  FI  ELD 

Bhpkytk-t  Program,  UatortnHy  of  Srmtktm  California,  Los  Aagrtrs,  California 


The  experiments  on  the  disinfection  by  oxygen 
of  bacteria  dried  cither  by  aerosolitarioo  or  by 
lyophiliation  presented  by  Mr.  Zentner  era 
delightfully  dean  and  precise,  and  are  adequate 
for  tome  kinetic  studies.  This  feet  relieve*  us  of 
the  relatively  unrewarding  task  of  discussing  the 
experimental  techniques,  accuracy  of  the  data, 
and  validity  of  the  conclusions.  It  mekea  it 
possible  to  attempt  to  place  the  conclusions  in 
broader  perspective,  to  attempt  to  interpret  them, 
and  to  examine  whether  they  suggest  or  point  the 
way  to  further  investigation. 

It  is  perhaps  surprising  at  first  glance  that 
oxygen  is  toxic  to  Semitic  morcetcen*  under  the 
experimental  conditions  described.  Mr.  Zentner 
has,  I  think  quite  correctly,  related  this  implicitly 
to  dehydration  of  the  bacteria.  The  observation 
ha*  been  amply  confirmed  and  is  even  intuitively 
reasonable  in  terms  of  several  hypothetical 
mechanisms;  for  example,  the  concentration  of 
some  toxic  metabolite  may  increase  at  a  critical 
location  because  diffusion  is  limited  by  dehydra¬ 
tion,  or  dehydration  may  distort  some  structure 
and  render  it  more  susceptible  to  oxidation. 

It  is  even  more  surprising  that  the  biological 
reaction*  observed  follow  so  nicely  the  kinetic 
laws  described  by  the  figures;  in  particular,  there 


is  no  threshold  concentration  for  the  toxicity  of 
oxygen  (Fig.  2, 3,  7,  and  9),  and  the  tkia  form  a 
straight  lhw  on  the  Arrhenius  plot  (Pig.  8) 
over  an  extraordinarily  wide  range  of  temperature 
( -78  to  +40  C).  Data  on  disinfection  with  g 
variety  of  disinfectants  commonly  follow  similar 
kinetk  laws  (see,  for  example,  F.  H.  Johnson,  H. 
Eyring,  and  M.  J.  Poiiaar,  The  Kinetic  Baal*  of 
Ktolecmhr  Biology ,  p.  433  ff,  John  Wiley  fit  Sons, 
Inc.,  New  York,  1934).  The  generality  of  this 
type  of  biological  data  simply  emphaisiaae  the 
importance  of  understanding  why  the  biological 
data  follow  these  chemical  taws. 

The  Arrhenius  relation  is  usually  derived  from 
a  thermodynamic  consideration  of  a  chemical 
reaction  at  equilibrium  or  from  a  statistical 
mechanical  consideration  of  reaction  rates.  In 
the  Utter  case,  it  is  found  necessary  to  introduce 
the  concept  of  an  "activated  state”  in  or  near 
equilibrium  with  the  chcmiul  reactants  of  the 
system.  Each  molecuk  in  an  activated  state  has  a 
certain  probability  of  decaying  into  its  products 
(or,  by  analogy,  dying).  The  logical  essence  of  the 
reasoning  leading  to  the  Arrhenius  relation,  then, 
is  the  existence  of  two  suites  of  the  system  at,  or 
nearly  at,  equilibrium  with  each  other.  One  of 
t'.iese  states  may  be  the  “activated  state’’  in  which 
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te  orpniem  hu  a  oertain  probability  of  dying. 
It  pleoes  lees  unis  an  oer  credulity  to  tempt  a 
rater  abstract  inarptMlkn  of  te  experimental 
tenths  rad)  as  this  than  to  believe  that  each 
orguism  behaves  Uka  or  la  dependent  upon  a 
wi*k  molecule. 

The  very  abstractness  or  generality  of  this 
Interpretation  of  the  kinetic  data  la  u  serious 
bandicBp,  because  it  does  not  point  the  way  to¬ 
ward  a  critical  chemical  substance  or  chemical  or 
physical  reaction,  nor  does  it  even  say  whiter 
ten  am  one  or  more  “activated  states"  of  te 
bacterium.  In  tea  J.  B.  Bateman  has  pthered 
evidence  that  several  different  “activated  ttatoa" 
may  ha  involved  in  bacterial  death  due  to  de- 
hythatsoo.  Wa  omj  hope  that  te  situation  with 
regard  to  ostygm  toxidty  is  not  u  comptat,  and 
hence  as  depressing,  as  that  pictured  by  Bateman 
for  dehydration  disinfection.  Continuing  in  this 
happy  but  somewhat  fflogtel  vein,  wa  may  say 
that  te  tea  presented  by  Zentncr  art  continent 


with  the  existence  of  a  single  “activated  slate,” 
and  even  raggeet  that  te  “activated  state”  is 
related  to  the  accumulation  of  tome  intermediary 
metabolite  dotaly  involved  with  oxidative  metab¬ 
olism.  In  this  way,  the  ex  peri  menu  presented  by 
Zantner  do  suggest  new  ex  peri  menu  through 
which  our  understanding  of  oxygen  toxidty  might 
be  improved,  but  they  do  not  exdude  wholly  dif¬ 
ferent  types  of  porable  mechanisms,  such  as  free 
radical  production,  direct  oxidation  of  critical 
malarial,  or  structural  change  in  the  bacterium 
induced  by  oxygen. 

It  ia  possible  that  a  clever  guess  may  permit  an 
experiment  which  will  elucidate  the  nature  of  an 
“activated  state.”  Otherwise,  before  the  disinfec¬ 
tion  of  dried  bacteria  by  oxygen  or  by  other 
igainfei  mm  can  be  understood  and  adequately 
described,  a  great  number  of  experiments  and 
measurements  on  many  independent  variables 
will  be  necessary,  followed  by  a  complex  relaxa¬ 
tion  snalytit  of  the  kind  outlined  by  Bateman. 
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Introduction 

Instrument*  which  collect  vie  We  airborne 
part  ides  by  inertial  imped  my  be  divided  into 
two  da  sees  Clase  I  embrace*  inurnment*  which 
project  the  viable  particles  straight  onto  the  sur¬ 
face  of  a  nutrient  agar  gel.  Here  they  grow  during 
incubation  into  one  colony  per  viable  particle, 
regardless  of  the  sin  of  the  particle  or  the  number 
of  viable  cells  it  contained.  In  dais  I  are  the  slit- 
sampler,  cascaded  slit-sampler,  sieve  sampler,  and 
the  cascaded  sieve  or  Andeisen  sampler,  the 
features  of  all  of  which  are  conveniently  sum¬ 
marised  by  Decker  ct  al.  (I).  There  is  alio  the 
design  of  Lid  well  (4).  Class  II  samplers,  with 
which  we  are  concerned  in  this  paper,  project  the 
panicles  into  liquid,  where  they  are  broken  up 
into  their  individual  component  cells.  The  liquid 
is  serially  diluted,  plated  out.  and  incubated  to 


giv*“  a  colony  count  and  an  eoimation  of  tha 
total  viable  cells  in  the  original  sample. 

Typical  of  class  II  is  the  widely  used  Portoo 
or  capillary  impinger  (6, 14)  in  which  a  jet  of  air, 
accelerated  to  ionic  velocity  by  suction  in  excess 
of  IS  inches  (38.1  cm)  of  mercury  depression, 
impinges  into  liquid  where  small  particles  are 
collected  with  high  eftdency.  The  sonic  velocity 
jet  serves  also  to  limit  the  How  to  a  constant  value 

The  impingir  is  simple,  cheap,  convenient, 
easily  nerilized,  and,  by  the  addition  of  a  pre- 
impinger  (5,  7),  becomes  an  approximate  simu¬ 
lant  of  the  upper  and  lower  parts  of  the  respira¬ 
tory  system.  Class  II  device*  have  the  following 
features  not  possessed  by  those  of  class  I.  (i)  They 
can  cope  with  any  high  concentration  of  aerosol 
iy  virtue  of  the  aerial  dilution  process,  whereas 
class  I  devices  are  easily  overloaded  (ii)  They 
permit  counts  of  several  different  orpmisrra  from 
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the  same  sample,  by  means  of  differential  count* 
or  Mtactiv*  madia.  (Hi)  Thay  an  vary  convsrucrt 
when  nondacayint  tracer*  ara  addad  a*  on* 
component  in  an  artificial  aaroaol.  The  tracer, 
tuch  a*  a  (pore  or  radioactive  element,  allow* 
the  rata  of  decay  of  another  component  to  be 
eettmatad,  auch  a*  that  of  an  organism  under 
radiation  stress  Thai  estimation 


Bmbc  DocairrtoN  or  Dtskin 
StmJmrJ  MoJrl 

Drawing*  of  the  form  of  instrument  moil 
commonly  used  to  date  are  shewn  in  Fig.  I.  A 
end  8  are  sectional  wdc  elevations  at  right  angles 
to  each  other  m  the  directiom  l-l  and  (Ml, 


aaroaob  am  be  eatimeted.  (v)  When  the  cascade 
system  to  used  to  give  particle  Stae  discrimination 
and  tha  aerosol  of  bnaraet  la  highly  shewed  In 
tin  dtotribution,  with  many  small  parities  and 
vary  few  large  ones,  date  1  devices  are  subject  to 
an  error  which  in  class  II  to  negligible  This 
error  grtoee  (ram  the  towpe  of  the  cut-off  curves 
for  each  stags  of  the  system  (srr  Pig.  1).  The 
lower  tail  of  the  curve  tends  to  fbiton  off  akxv 
tha  abecton.  so  that  a  few  of  the  small  particles 
will  he  caught  on  the  large  panicle  tugef*--  In 
ciasa  1  devices,  than  few  part  idea  wig  be  recorded 
as  large  weighty  particles  which  arc  Hi  fed 
fictitious,  but  in  due  II  their  effect  will  be 
negligible  in  the  final  count  of  total  cdh  per 
stage.  Therefore,  when  the  large  particle  count  to 
of  internet,  it  should  be  treated  with  reserve  in 
dees  I  devices,  when  there  are  many  small 
particle*  present 

The  special  features  of  the  impinger  system  are 
sometimes  affect  by  iu  limitations.  It  is  not  vary 
good  with  very  dilute  aerosols,  in  which  it  yields 
but  a  few  cells  widely  dispersed  in  a  large  volume 
(10  to  30  ml)  of  liquid;  the  liquid,  which  to  under 
low  pressure,  evaporates  rather  quickly  end  also 
tends  to  ftoeae  Hi  cool  dry  air;  the  violent  impinge¬ 
ment  can  kill  delicate  cetU  (6,  14). 

It  was  deemed  desirable  to  deeigi  a  sampler 
which  minimised  the  limitations  of  the  Port  on 
impinger  and  could  be  more  widely  used.  Tha 
outcome  to  the  subject  of  this  paper.  The  new 
sampler  has  a  higher  sampling  rate  and  gives  a 
greater  concentration  of  cells  per  unit  volume  of 
collecting  fluid.  The  rates  of  evaporation  and 
freezing  are  low  and  the  impingement  is  gentle. 
The  particle  site  discrimination  is  in  three  stage* 
end  is  intended  to  simulate  some  of  the  finer 
details  of  the  respiratory  tract,  where  similar 
processes  of  inertial  collection  of  particles 
operate.  Abo,  the  new  sampler  i*  more  robust 
and  more  easily  portable  than  the  Port  on  im 
pinger-preimpinger  combination  and  is  not 
subject  to  loss  of  collecting  fluid  through  spilling 
as  is  the  preimpinger  Finally,  prolonged  sam 
pling  periods  do  not  result  in  as  high  a  proportion 
of  organism  death  as  does  the  Port  on  impinger 


thick-walled  tubing  of  70  mm  outer  diameter 
The  sampler  has  three  chambers  or  stages,  I,  2, 
and  1,  in  serial  order  vertically.  The  air  inlet  tube 
4  has  a  smoothly  curved  entry  to  promote 
laminar  flow,  a  flat  ground  lower  end,  and  a  bore 
of  1$  mm  The  straight  tube  5.  also  with  a 
smoothly  curved  bell-mouth,  a  flat  ground  lower 
and,  end  a  bore  of  10  mm  to  sealed  into  the  flat 
floor  of  stage  1.  This  tube  provides  air  flow 
connection  with  the  next  stage  The  tube  6,  again 
with  a  smooth  hail  mouth  and  bore  of  10  mm,  is 
sealed  into  the  floor  of  stage  2.  At  its  lower  end, 
it  bands  and  tapers  smoothly  and  continuously 
to  the  noxzto  7,  which  has  an  internal  diameter  of 
3.3  mm.  The  nozrie  is  dose  to  the  bottom  of  the 
annular  well  8,  formed  as  shown,  and  the  axis  of 
the  nozzle  lies  in  a  plane  tangential  to  the  wall  of 
the  well  end  makes  an  angle  of  49*  to  the  vertical 
Two  circular  discs,  9  and  10,  made  from  coarse 
sintered  glass  3  mm  thick,  ere  held  about  I  mm 
above  tha  llat  floor  of  their  respective  chambers 
by  the  pairs  of  curved  glass  rods,  11  and  12,  fused 
to  the  external  walls  of  tubes  4  and  S.  respectively. 
The  does  9  end  10  are  twice  the  diameter  of  the 
bores  of  their  respective  tubes,  4  end  5.  and  are 
separated  from  the  flat  ends  of  these  tubes  by  a 
distance  equal  to  three -eighths  of  the  bore.  In 
uwe,  the  dien  ere  constantly  wetted  by  sampling 
fluid  in  each  chamber.  Access  holes  to  each 
chamber  are  sealed  by  the  rubber  bungs,  19,  14, 
end  19.  The  lowest  bung,  15,  is  fitted  with  a  tube, 
16,  for  connection  to  e  suitable  pump.  This  tube 
16,  which  may  be  of  any  suitable  material,  pro¬ 
ject*  into  the  center  of  the  lower  chamber  and,  as 
drawn  in  Fig.  1,  mey  embody  a  flow-controlling 
critical  orifice  to  give  a  constant  throughput  of  99 
liters  per  min. 

Whim  operating  the  sampler  in  a  cross  draft  or 
wind,  a  hemtcylindncai  metal  shield,  17,  is 
clipped  over  the  top  so  that  the  concave  side  facet 
upwind. 

PniNcirtss  and  Methods  or  Opumuon 
First  Stagt 

When  air  is  drawn  through  the  instronent,  air 
enters  the  intake  tube,  4  (Fig  1),  and  flows  over 
the  disc,  9,  where  some  of  the  larger  aerostl 
particles  impact  on  the  wet  surface  To  mimmira 
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MULTISTAGE  LIQUID  IMPINGE* 


F(g.  2.  Three  variations  of  basic  design:  (w4)  50  liters  min  model;  (B)  20  liters  per  min  model;  (Cj  10  liters 
per  min  model.  Scale  is  in  inches.  Crown  copyright  reserved.  Reproduced  by  permission  of  Her  Majesty’s  Sta¬ 
tionery  Office. 


imparts  a  vigorous  swirl  to  the  liquid,  which 
ensures  that  impingement  is  always  on  a  wetted 
surface,  provided  that  the  liquid  volume  is  not 
less  than  5  ml.  The  diameter  of  the  jet  was  deter¬ 
mined  on  the  bass  of  the  performance  of  the 
“sub-critical”  impir.ger  described  by  May  and 
Harper  (6).  and  the  idea  of  liquid  swirl  came  from 
the  Shipe  sampler  (14). 

The  jet  gives  no  more  than  just  sufficient 
velocity  to  ensure  the  capture  of  most  single 
bacterial  cells.  Tests  by  G.  J.  Harper  ( personal 
communication )  established  that  80  to  90%  of 
single  cells  of  Bacillus  subtilis  and  Escherichia  coli 
were  retained.  The  design  has  three  advantages 
over  the  standard  critical  orifice  impinger.  First, 
the  minimal  violence  of  the  impingement  mini¬ 
mizes  or  pet  haps  eliminates  kill  of  delicate  cells. 
Second,  splashing  and  frothing  are  minimized, 
so  that  a  high  air  flow  can  be  maintained  through 
the  compact  third  stage  chamber  without  liquid 
loss  by  entrainment  (note  that  the  extract  tube, 
Fig.  1  and  2,  extracts  air  from  the  center  of  the 
chamber).  Third,  the  critical  orifice  or  other  flow 
control  system  is  oownstream  of  the  extract 
point,  so  .hat  the  pressure  drop  on  the  liquid 


surface  is  only  about  2  inches  (5  cm)  of  mercury 
below  ambient.  In  this  way,  both  the  rate  of 
liquid  evaporation  and  the  possibility  of  freezing 
are  very  much  reduced. 

Liquid  Loss  by  Splashing 

Sometimes  splashed  liquid  may  collect  on  the 
roof  of  the  third  chamber  and  drip  down  on  tube 
16,  whence  it  is  entrained  to  waste  through  the 
tube.  Such  loss  may  be  avoided  by  fitting  the 
rubber  drip  ring  seen  in  Fig.  2A. 

Liquid  Loss  by  Evaporation 

If  a  long-period  sample  is  taken,  evaporation  of 
the  sampling  fluid  will  occur.  Evaporation  is 
permissible  to  about  5  ml  per  stage,  and  the  gap 
under  the  sintered  discs  will  ensure  circulation  of 
liquid  so  that  the  disc  remains  moist.  If  evapora¬ 
tion  threatens  beyond  this  level,  the  lost  liquid 
may  be  made  up.  With  air  at  normal  living  condi¬ 
tions,  topping-up  may  be  necessaiy  every  0.75 
hr  or  so.  About  the  same  quantity  will  be  lost 
from  each  of  the  three  stages. 
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Sampling  in  Still  Air 

When  the  air  to  be  sampled  is  calm  or  nearly  so, 
as  in  a  room,  the  sampler  is  used  as  it  stands 
(Fig.  2).  The  smooth  entrance,  large  diameter, 
shortness  and  smooth  straight  bore  of  the  entry 
tube,  4,  will  ensure  a  high  efficiency  of  collection 
of  airborne  particles. 

Sampling  In  a  Cross  wind 

In  this  case,  the  shield,  17,  is  fitted  to  stop 
cross-flow  above  the  entry  tube,  thus  approaching 
the  still-air  conditions.  The  system,  which  might 
be  termed  “stagnation-point  sampling,”  is  an 
entirely  different  concept  from  “isokinetic  sam¬ 
pling"  where  air  enters  a  knife-edged  sampling 
tube  with  no  change  of  speed  and  direction  from 
that  of  the  wind.  Obviously,  isokinetic  sampling 
cannot  be  achieved  from  a  horizontally  moving 
air  stream  with  impaction  onto  a  horizontal 
liquid  surface,  as  a  90°  turn  must  intervene.  In 
fact,  true  isokinetic  conditions  cannot  be  achieved 
outside  a  laminar-flow  wind  tunnel  because  of  air 
turbulence.  In  stagnation -point  sampling,  the 
requirement  for  high  intake  efficiency  would 
seem  to  be  that  the  intake  zone  should  be  large 
compared  with  the  particle’s  “stopping  distance.” 
T  he  stopping  distance  is  the  distance  of  projec¬ 
tion  of  the  particle  into  still  air  from  a  given 
initial  velocity,  and  varies  as  the  square  of  the 
particle  diameter  and  the  velocity  of  projection. 
The  validity  of  this  concept  is  discussed  below  in 
the  Calibration  and  Testing  sections. 

Sampling  from  a  Tube 

It  nay  be  required  to  withdraw  aerosol  samples 
from  a  chamber  via  a  tube.  In  such  a  case,  the 
connecting  tube  must  never  be  inserted  into  the 
intake  tube  of  the  sampler  by  means  of  a  bung, 
etc.,  as  the  jet  effect  from  the  narrow  tube  would 
completely  alter  the  collection  characteristics  of 
the  first  stage.  Ideally  a  2.75-inch  (7 -cm)  bore 
rubber  hose  would  be  pressed  over  the  whole  of 
the  top  of  the  sampler,  maintaining  the  same  wide 
bore  to  its  source.  If  this  is  difficult,  a  tube  at  least 
as  wide  as  the  intake  tube  over  the  whole  of  its 
length  should  be  used  for  the  connection,  with  a 
wide  metal  flanged  piece  at  its  end.  A  sponge- 
rubber  ring  should  be  fitted  under  the  flange,  and 
the  whole  should  be  pressed  firmly  on  top  of  the 
sampler. 

Filling  with  Sampling  Fluid 

Fluid  suitable  for  the  organisms  of  interest  is 
pipetted  into  each  stage  through  the  bung  holes. 
The  two  upper  stages  are  filled  until  the  liquid 
surface  is  just  below  the  upper  surface  of  the 


sintered  disc  when  the  sampler  is  standing  verti¬ 
cally.  The  upper  surface  of  the  disc  will  always  be 
wet  by  capillarity,  provided  that  the  sinter  is 
maintained  in  a  grease-free  condition  by  ap¬ 
propriate  cleaning  procedures.  The  standard 
model  requires  between  7  and  10  ml,  varying  from 
sampler  to  sampler,  because  of  the  vagaries  of 
glass-blowing.  It  is  convenient  to  mark  indelibly 
by  the  side  of  each  bung  hole  the  volume  required, 
as  shown  in  Fig.  2A.  Into  the  lower  stage,  10  ml 
is  pipetted. 

Emptying 

Alter  use,  the  sampler  may  be  shaken  gently  to 
mix  the  liquid,  which  is  then  withdrawn  by  a  10- 
ml  calibrated  pipette,  to  measure  the  volume.  The 
liquid  should  be  squirted  a  few  times  over  the 
sintered  disc  to  ensure  removal  of  all  organisms. 
This,  and  subsequent  pipette  mixing,  must  be 
done  vigorously  to  ensure  breakdown  of  clumps 
into  single  cells. 

Sterilisation  and  Cleaning 

Before  autoclaving  or  heat-sterilizing  the 
sampler,  the  rubber  bungs  must  be  removed. 
When  collecting  fluid  containing  dissolved  solids 
has  been  used,  the  sintered  discs  should  be 
washed  thoroughly  with  distilled  water  before 
heating,  so  that  solids  do  not  get  baked  into  the 
pores.  The  sintered  glass  must  always  be  kept 
chemically  clean. 

Flow-rate  Control 

Any  system  of  flow  control  may  be  used,  but 
the  Hartshorn  or  venturi -shaped  critical  orifice 
(16  in  Fig.  1)  is  perhaps  the  most  convenient. 
These  orifices  constrict  in  a  smooth  curve  to  the 
throat,  and  then  expand  at  an  included  angle  of 
4s  over  a  length  of  about  1  inch  (2.5  cm).  As 
pointed  out  by  Druett  (2),  this  orifice  geometry 
allow  critical  flow  to  commence  at  a  very  small 
depression,  4  to  5  inches  (10.2  to  12.7  cm)  of 
mercury  compared  with  15  inches  (38.1  cm)  for  a 
conventional  parallel-sided  orifice.  A  substantial 
economy  of  pumping  power  is  thin  afforded.  The 
addition  of  the  2-inch  pressure  drop  across  the 
sampler  gives  a  safe  minimum  of  only  7  inches  of 
mercury  depression  required  from  the  pump  at  the 
full  flow  rate  of  the  sampler.  Critical  orifices  are 
made  slightly  undersize  and  then  reamed  out 
until,  in  situ  in  the  sampler,  the  desired  through¬ 
put  is  achieved.  In  the  present  case,  the  initial 
bore  is  2.5  mm  for  final  adjustment  to  55  liters 
per  min.  Systems  of  control  not  embodying  s 
critical  orifice  are  (i)  a  flowmeter  with  valve, 
downstream  of  the  sampler;  (ii)  a  compressed  air 
or  steam  ejector  operating  at  a  constant  pressure 


564 


MAY 


Bactdikx..  Rev. 


(although  these  can  only  give  •  small  pressure 
drop  on  their  suction  side,  it  is  adequate  for  the 
2  inches  of  Hg  that  this  sampler  requires) ;  (iii)  a 
sensitive  pressure  gauge  just  downstream  of  the 
sampler  followed  by  a  valved  T-piece  in  the  pump 
suction  line.  The  valve  is  adjusted  to  bleed 
ambient  air  into  the  line  until  the  depression 
across  the  sampler  is  that  which  in  prior  calibra¬ 
tion  gave  the  correct  flow.  The  latter  system  makes 
the  least  demands  of  all  on  the  pump  but  must  be 
watched  to  maintain  steady  flow  unless  a  sensi¬ 
tive  pressure-regulated  bleed  valve  is  built  into 
the  T-piece. 

Other  Features  or  the  Dbsjon 
Wet -disc  Collection  Surfaces 

The  disc  surfaces  are  moist,  as  are  particle 
deposition  aieas  in  the  respiratory  system.  This 
similarity  is  important  in  that  the  retention 
capability  of  a  surface  undoubtedly  depends  on 
its  physical  state  as  well  as  on  the  physical  state 
of  the  surface  of  the  particle. 

Another  valuable  feature  of  the  sintered  discs 
is  that  their  geometry,  hence,  impaction  efficiency, 
is  unaffected  by  the  gradual  evaporation  of  the 
liquid  surface.  Cells  remain  viable  on  the  moist 
surface  when  the  optimal  collecting  fluid  is  used, 
permitting  prolonged  sampling. 

Portability 

The  sampler  has  been  designed  so  that  it  has  a 
smooth  external  surface  with  no  projecting  glass¬ 
ware  which  might  be  damaged  by  chance  knocks. 
The  rubber  bungs  and  rubber-mounted  suction 
tube  act  also  as  fenders,  and  more  such  protection 
could  be  added  if  desired.  The  thick-walled  glass 
tubing  has  considerable  mechanical  strength, 
provided  that  the  whole  has  been  correctly 
annealed.  The  sampler  will  stand  up  to  prolonged 
usage  and  repeated  sterilization  when  reasonable 
care  is  employed  and  use  is  made  of  properly 
fitted  otorage  boxes  for  transportation.  It  will 
stand  firmly  on  a  bench  of  its  own  accord  but  will 
not  resist  being  dropped  on  a  hard  surface. 

Nonspill  Property 

When  the  sampler  is  charged  with  sampling 
fluid  and  has  the  bungs  in  place,  liquid  cannot  be 
spilled  or  transferred  from  one  stage  to  another, 
however  much  the  sampler  is  turned  or  inverted. 
The  principle  is  similar  to  that  of  the  unspillable 
ink-well 

Variations  of  the  Basic  Design 

The  basic  design  may  easily  be  varied.  In 
addition  to  the  standard  55  liter  per  min  model 


(A  in  Fig.  2),  two  other  models  have  been  con¬ 
structed  (B  and  C  in  Fig.  2). 

The  20  liter  per  min  model  (B)  has  stage 
characteristics  somewhat  different  from  A.  Its 
first  stage  was  designed  to  collect  “fall-out” 
particles  and  has  a  50%  cut-off  at  10  p;  the  second 
stage  has  a  similar  cut  off  to  the  standard  “pre- 
impinger"  (50%  at  4  p),  as  described  by  May  and 
Druett  (5),  so  that  its  collection  resembles  upper 
respiratory  retention,  whereas  the  third  stage 
resembles  lower  respiratory  retention.  The  first- 
stage  tube  bore  is  15  mm,  and  the  jet  impulse  is 
so  slight  that  no  sintered  disc  is  needed  as  the 
liquid  surface  remains  undisturbed  by  the  flow; 
nor  is  any  filling  hole  required  in  the  top  stage  as 
filling  and  emptying  can  be  pei formed  through 
the  entry  tube.  A  small  dent  in  the  glass  floor  of 
the  top  stage  immediately  under  the  entry  tube 
acts  as  a  sump.  The  clearance  between  the  liquid 
surface  and  the  bottom  of  the  entry  tube  is  4  mm. 
The  change  in  this  as  the  liquid  evaporates  is  un¬ 
important.  The  second-stage  jet  diameter  is  7.5 
mm  and  the  third,  2  mm.  Each  stage  holds  4  ml  of 
sampling  fluid. 

The  small  model  (C),  which  is  only  3.5  inches 
(8.9  cm)  high,  is  operated  at  10  liters  per  min, 
and  was  designed  to  have  the  same  particle  size 
range  per  stage  as  the  large  model  (A).  The  jet 
bores  are:  first  stage,  8  mm;  second  stage,  5  mm; 
third  stage,  1.42  mm.  The  ratio  of  disc  diameter 
to  jet  bore  and  the  ratio  of  the  clearance  between 
the  disc  surface  and  the  end  of  the  tubes  is  as 
already  described.  This  model  is  very  much  more 
compact  than  the  standard  Porton  impinger 
which  functions  at  about  the  same  flow  rate,  yet 
it  is  capable  of  yielding  more  information  and 
has  the  other  advantages  of  the  new  design.  It 
holds  2  ml  of  sampling  fluid  per  stage 

Calibration  and  Tan  no 
Panicle  Intake  Efficiency 

Wind-tunnel  tests  on  the  sampler  were  carried 
out  by  J.  Edwards  ( personal  communication). 
With  the  hemicylindrical  baffie  in  place  (17  in 
Fig.  1),  the  sampler  was  exposed  to  wind-borne 
aerosols  of  dyed,  involatile,  and  uniform  drop¬ 
lets  generated  by  a  spinning-top  atomizer  (8).  An 
array  of  knife-edged  isokinetic  orifices  around 
the  sampler  measured  the  absolute  dosages. 
Estimations  were  by  colorimetry. 

Table  1  shows  that  the  intake  efficiency  with 
the  baffie  in  place  is  high,  except  for  the  largest 
particles  and  highest  wind  speed.  The  latter 
figures  can  be  greatly  improved  by  employing  a 
larger  baffie.  For  example,  with  no  baffle,  the 
intake  efficiency  was  found  to  be  only  9.6%  at 
15  p  and  10  mph  but  was  raised  to  99%  by  using 
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Table  1.  Per  cent  intake  efficiency 


Wind  ipttt] 


Drop 

i 

t 

2  mph 

S 

Id  apfe 

15  mpfc  | 

SO  mph 

10 

i 

93  (0.3) 

1 

106  (0.7) 

!  87  (1.5) 

j 

7J  (2,2)  | 

64  (2.9) 

15  1 

'  102  (0.6) 

102  (1.6) 

69  (3) 

j  61  (4.3) 

57  (6) 

20 

98  (1.1) 

89  (2.8) 

:  56  (5.6) 

|  39  (8.3) 

!  r  (ii) 

Particle  stopping  distance  (in  millimeters)  is  given  in  parentheses. 
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Flu.  3.  Individual  stage  cut-off  curves  ( solid  Hues)  and  relative  distribution  of  panicles  among  all  stages  (dotted 
lines). 


a  6-inch  square  concave  baffle,  compared  with  the 
efficiency  of  69 %  in  Table  1,  obtained  with  the 
Fig.  1  baffle.  It  is  clear  that  a  baffle  is  an  essential 
addition  to  the  sampler  when  there  is  a  wind  or 
cross  draft.  Note  also  that  in  Table  1  there  is  a 
good  inverse  correlation  between  the  stopping 
distance  (given  in  parentheses)  and  the  intake 
efficiency,  as  predicted.  With  the  particular  condi¬ 
tions  of  the  Table  1  tests,  the  intake  efficiency  is 
leas  than  50%  when  the  stopping  distance  is 
greater  than  the  radius  of  the  intake  tube. 

Stage  Cut-off  Curves 

It  is  essential  to  know  the  petfonmnoe  of  each 
stage  in  terms  of  particles  of  each  sire  retained; 
one  must  also  know  the  relationship  of  this  pa¬ 
rameter  to  the  dimensions  of  the  jets  and  the 
throughput  of  sampled  air.  For  this  work,  dry 
spherical  airborne  particles,  nearly  uniform  in 
particle  size,  were  generated  from  solutions  of  the 
intense  blue  dye  Chlorazol  Sky  Blue  (Imperial 
Chemical  Industries  Ltd.)  sprayed  from  a 
spinning-top  atomizer  (8).  The  atomizer  was 
mounted  in  a  vertical  wind  tunnel  similar  to  that 
described  by  Druett  and  May  (3).  In  this,  the  up- 


flow  of  air  permits  the  rather  large  droplets 
generated  to  dry  down  to  their  final  size  without 
serious  wall  loss.  The  size  of  the  dry  particles  is 
determined  by  the  initial  wet  droplet  size  and  the 
concentration  of  the  dye  solution.  In  this  way, 
the  range  2.5  to  10  p  was  studied  in  smalt  inter¬ 
vals,  the  relative  proportion  of  particles  caught 
in  each  stage  being  obtained  by  colorimetric 
estimation  of  the  dye  collected  in  the  water  with 
which  the  stage  was  filled.  The  spherical  dye 
particles  had  about  the  same  density  as  the 
particles  obtained  by  spraying  suspensions  of 
bacterial  cells  (ca.  1.5  g/cc).  The  results  for  the 
standard  55  titers  per  min  model  are  shown  in 
Fig.  3,  where  the  continuous  lines  are  the  cut-off 
curves  for  each  stage  considered  individually, 
and  the  dotted  lines  (which  in  parts  coincide  with 
the  continuous  lines)  show  the  percentage  of  all 
pai  tides  entering  the  sampler  collected  by  each 
stage.  __ 

The  cut-off  curves  of  Fig.  3  are  not  as  steep  as 
those  presented  for  the  same  optimal  geometry 
by  Mitchell  end  Pilcher  (11)  and  by  Mercer  (9). 
There  are  two  possible  reasons  for  this.  First, 
their  methods  were  different,  giving  aerosols 
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Fig.  4.  Relationship  between  Jet  diameter,  panicle  diameter  at  SO' 'c  retention,  and  flow  rate. 


which  may  have  been  more  truly  homogeneous  in 
particle  sire  than  those  used  in  the  present  work, 
where  a  sptead  in  panicle  size  tends  to  flatten  the 
cut-off  curves  and  reduces  the  precision.  Second, 
the  flow  in  the  two  upper  chambers  is  rather  com¬ 
plex.  The  air,  after  flowing  out  over  the  sintered 
discs,  passes  over  a  rather  extensive  liquid  surface, 
and  then  turns  upwards  and  inwards  to  enter  the 
next  jet  tube.  This  causes  turbulence  and  vortices 
which  could  throw  out  particles,  though  wail 
losses  have  not  actually  been  noted  other  than  to 
a  limited  extent  in  the  tubes.  Although  the  cut-off 
curves  are  less  steep  than  hoped  for,  they  are  in 
fact  as  sharp  as  those  of  the  preimpinger  (5,  7) 
and  the  cascade  impactor,  and  certainly  not  less 
sharp  than  the  pans  of  the  respiratory  system 
that  the  sampler  could  simulate. 

Effect  of  Varying  Jet  Sizes  and  Flow  Rate 

Workers  wishing  to  adapt  performance  to 
their  own  requirements,  with  jet  sizes  or  flow  rates 
different  from  those  described  here,  may  use 
Fig.  4  as  a  guide.  The  chan  derives  from  the 
expression  for  the  dimensionless  impaction  pa¬ 
rameters  P  =  kpVtP/gl,  where  A  is  a  constant 
which  in  practice  varies  from  system  to  system, 
p  is  the  panicle  density,  V  the  jet  velocity,  d  the 
panicle  diameter,  »j  the  gas  viscosity,  and  /  the 
jet  diameter  (or  characteristic  length).  For  a 
given  efficiency  of  impaction  of  panicles,  P  is 
constant,  and  in  the  present  case  we  are  concerned 
with  its  value  at  da,  the  50r<  cut-off  diameter. 
For  operation  in  air  at  normal  temperature  and 
pressure,  we  can  also  take  p  and  v  as  constants  so 
that,  as  in  Fig.  4,  we  can  relate  d*,  /,  and  V 
(transformed  into  the  more  convenient  flow  rate 
parameter).  The  foundation  of  Fig.  4  was  the  set 


of  six  values  for  d„  (v//)1*  obtained  from  the 
calibration,  as  described  in  the  preceding  section, 
of  the  top  two  stages  of  the  three  models  shown 
in  Fig.  2.  The  values  were  113, 108, 103, 122, 118, 
and  122  X  10~4  calculated  in  units  of  centimeters 
and  seconds. 

For  any  given  value  of  <&*,  the  shape  of  the  cut¬ 
off  curve  will  be  geometrically  similar  to  those  of 
Fig.  3. 

Testing  with  Bacterial  Aerosols 

To  study  the  performance  of  the  sampler  under 
rigorous  conditions,  a  procedure  identical  to  that 
previously  described  (6,  7)  was  adopted.  In  the 
relatively  warm  and  dry  conditions  of  summer 
daylight,  a  mixed  suspension  in  known  ratio  of 
vegetative  organisms  (£.  coli),  which  lose  viability 
rapidly  under  such  conditions,  particularly  in  full 
sunlight,  and  of  nondecaying  spores  ( B .  subtilis 
ear.  nlger)  was  sprayed  by  a  pneumatic  hand  spray 
and  sampled  at  sufficient  distance  downwind  for 
appreciable  cell  death  to  have  taken  place.  By 
comparing  the  ratio  of  the  two  components  re¬ 
covered  from  the  several  stages  of  the  sampler 
with  their  ratio  before  spraying,  the  percentage  of 
£.  coli  cells  remaining  viable  could  be  determined. 

In  the  sampling  array,  two  pairs  of  samplers 
were  employed,  each  shielded  from  direct  light 
Each  pair  consisted  of  a  three-stage  glass  sampler 
and  a  "lilting"  preimpinger  plus  impinger  unit 
(7).  The  latter  unit  was  known  to  live  a  high 
efficiency  of  intake  of  aerosol  particles  and  was 
used  as  a  standard  reference  sampler  for  com¬ 
parison  with  the  three -stage  sampler.  The  two 
pairs  were  within  a  few  yards  of  each  other,  close 
enough  to  ensure  that  they  were  exposed  to  com¬ 
parable,  but  not  necessarily  the  same,  dosages. 


Table  2.  Dosages'  given  by  adjacent  “tilting”  and  three-stage  samplers  in  the  fieltP 
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Tails  3.  Atmoepkeric 


comb tkm  (firing  field  mu  of 
Table  2 
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17.8 

36 

8.000 

(dear  sky) 

2 

13.9 

48 

2,000-8,000 

(3/10  cloud) 

3 

19.4 

60-63 

800-2,000 

(overcast) 

4 

16.1 

68 

1,300 

(overcast) 

3 

18.9 

57-61 

2,000-8,000 

(3/10  cloud) 
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53 
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(clear  sky) 
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The  first  pair  of  samplers  was  switched  off  after 
tempting  the  aerosol  for  a  few  minutes,  and  in  the 
second  pair  the  thraa-atege  tempter  was  teft 
nomine  far  0.5  hr  to  test  whether  the  continuous 
aspiration  of  the  dry  air  over  the  collected  par- 
tides  affected  their  viability.  Durini  this  time, 
about  40%  of  the  sampling  fluid  (phosphate 
buffer  plus  1  m  sucrose  plus  antifoem)  evaporated. 

Results 

The  results  from  nine  tests  are  summarized  in 
Table  2.  Each  test  has  two  lines  of  dosage  figures, 
one  line  for  each  pair  of  samplers.  Table  3  gives 
the  atmospheric  conditions  of  the  tests. 

Effect  of  naming /or  OJ  hr.  This  may  be  judged 
by  comparing  the  ratios  of  total  dosages  measured 
by  each  type  of  sampler  in  the  first  pair  (top  line 
of  each  teat)  with  corresponding  ratios  in  the 
second  pair  (bottom  tine)  after  extended  opera¬ 
tion  of  the  three-stage  sampler.  If  the  extended 
operation  caused  a  Ion  of  viability,  the  ratio  in 
die  second  pair  would  be  less,  on  the  average, 
than  in  the  first.  These  ratios  have  been  extracted, 
and  are  presented  in  Table  4  for  the  E.  coll  end  in 
Table  3  for  the  spore  tracer.  Although  in  both 
table*  the  means  from  the  second  pair  are  slightly 
lower  numerically,  statistically  they  do  not  differ 
significantly  from  each  other  in  either  paii. 
Neither  organism,  therefore,  shows  appreciable 
k»s  after  30  min  of  aspiration  in  the  conditions 
of  these  tests. 

Overall  recovery  of  viable  cells.  The  intake  and 
yield  of  viable  cells  in  the  three-nege  ampler  as 
compared  with  the  tilting  unit  may  also  be  judged 
from  Tables  4  and  3.  Means  C  and  D  in  Table  3 
ere  not  significantly  different  from  unity  for  the 
very  robust  spore  tracer  We  may  conclude  from 
this  that  both  types  of  sampler  in  the  pairs  have 
the  same  intake  efficiency  and  subsequently  yield 
the  same  dosage  of  viable  cells  In  Table  4,  the 
means  A  and  B  are  significantly  greater  than 
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unity,  indicating  that  the  three-stage  sampler 
yields  more  viable  cells  of  E.  coll.  This  is  due  to 
the  absence  in  the  three-stage  sampler  of  the 
violent  tonic  velocity  impingement  in  the  Horton 
impinger,  which  is  known  to  cause  death  of 
sensitive  cells  (6,  14).  The  tests  do  not  tell  us 
anything  about  the  absolute  recovery  of  E  coH,  as 
one  cannot  assert  from  the  figures  prewnted  that 
ceils  are  not  being  killed  in  both  tempters  How¬ 
ever,  in  recent  work  by  K.  P.  Norris  ( personal 
commmicaikm),  the  three-stage  sampler  in  some 
winter  conditions  of  less  tight,  higher  humidity, 
and  long  aspiration  times  has  yielded  viability 
figures  for  E.  coli  in  the  region  of  100%  on  all 
stages.  This  indicates  that  there  was  no  killing 
effect  in  the  sampler.  It  is  reasonable  to  conclude 
from  accumulated  experience  with  various  other 
types  of  sampler,  as  well  as  with  the  new  sampler, 
that  neither  the  system  of  impaction  nor  the 
washing  off  process  from  the  sintered  discs  results 
in  appreciable  Ion  of  viable  cells  Nevertheless, 
workers  proposing  to  use  the  sampler  with  very 
delicate  orputisms  would  be  well  advised  to  cany 
out  viability  teste  under  their  experimental  con¬ 
ditions. 

Effect  of  particle  site  on  viability.  As  one  of  the 
main  functions  of  this  sampler  is  to  yield  estimates 
of  organism  viability  within  the  various  particle 
sire  classes,  it  is  of  value  to  examine  the  informa¬ 
tion  in  columns  13, 14,  and  13  of  Table  2,  relative 
to  this  point.  The  periods  during  which  the  cells 
were  airborne  in  the  daylight  was  either  close  to  1 
min  or  3  to  4.3  min  (column  2).  The  percentage  of 
E  coli  cells  remaining  viable  after  there  periods 
has  been  averaged  in  Table  6.  After  1  min,  the 
small  particles  contained  only  half  the  proportion 
of  viable  cells  that  the  large  ones  did.  In  the 
longer  period,  the  small  particles  have  continued 
to  (tie  off  more  rapidly,  to  about  one-fifth  the 
viability,  on  the  average,  of  the  large  particle 
figure,  In  the  full  sunlight  of  the  final  test  re¬ 
corded  in  Table  2,  nearly  all  the  E  cob  cells  in 
small  panicles  succumbed  in  3  5  min. 

DncusstoN  and  Conclusions 

Morrow  (12)  has  reviewed  the  recent  position 
on  the  relation  ship  of  particle  sire  in  toxic  dusts  to 
respiratory  deposition.  He  stresses  the  importance 
of  selective  sampling,  which  is  usually  designed  to 
accept  the  small,  lung-attacking  particles  and  to 
reject  the  harmless  large  ones.  For  infective 
aerosols,  selective  sampling  seems  even  more  im¬ 
portant  because  of  two  factors.  First,  it  has  been 
shown  in  the  laboratory  that  with  many  infective 
diseases  the  smallest  particles  are  the  most  dan¬ 
gerous,  but  it  is  also  considered  that  in  those  in¬ 
fections  which  start  in  the  upper  respiratory  tract. 
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Tam.i  4.  Ratios  of  total  Escherichia  roll  dosage  la  thru-stag*  sampler  to  total  la  III  Hag  sampler 
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or  in  open  wound*,  etc.,  large  particle*  are  the 
moat  dangerous.  Second,  as  Table  6  indicates, 
maintenance  of  viability  in  the  airborne  state  may 
be  markedly  dependent  upon  the  sire  of  the  air¬ 
borne  particle. 

We  therefore  need  to  know  the  airborne  con- 
centra tion  and  state  of  viability  of  cells  in  various 
particle  sire  ranges.  It  is  not  necessary  that  these 
ranges  be  narrow,  sharply  defined,  and  many  in 
number,  because  physiological  response  to 
particle  sire  effects  cannot  have  sharp  boundaries. 
For  example,  ail  tire*  of  particles  can  ptobabiy 
infect  a  wound,  though  large  ones  are  much  more 
likely  to  fall  out  than  small  ones;  particles  of 
say  6  to  7  p  are  found  in  the  alveoli,  but  those  of 
1  to  3  m  can  penetrate  in  proportionately  much 
greater  numbers;  persons  differ  in  structure  and 
breathing  patterns,  and  flow  rates  vary  widely.  A 
selective  sampler  can,  therefore,  do  no  better  than 
give  a  performance  :esembling  a  human  average 
which  can  be  generally  accepted.  The  present 
model  attempts  this  in  iu  selection  of  three 
ranges:  "large”  panicles,  i.e.,  those  greater  than 
6  m  in  diameter  (p  -  1.5)  which  are  normally  re¬ 
tained  in  the  upper  respiratory  tract;  an  inter¬ 
mediate  range  of  3-  to  6-p  particles  which  are 
likely  to  lodge  in  the  bronchi  or  bronchioles;  and 
the  fine  range,  3  p  to  single  cells,  which  penetrate 
to  the  alveoli.  Probably  many  bacterial  particles 
are  hygroscopic  and  will  have  time  to  increase  in 
sire  in  the  depths  of  the  lung.  Lung  retention  of 
1-M  viable  particles  should  therefore  be  much 
higher  than  it  is  for  dusts,  many  of  which  are 
expired  at  this  sire,  so  that  the  retention  of  80  to 
90*;,'  of  single  cells  (E.  coE)  given  in  Fig.  3  seems 
reasonable  Single  virus  particles,  ca.  0.3  p  and 
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smaller,  would  not  he  retained  in  the  sampler, 
whereas  in  the  lung  a  high  proportion  would  be 
retained  by  another  proem,  diffusion  to  the 
walls.  It  seems  unlikely,  however,  that  such  small 
isolated  virus  units  can  ever  be  generated  in 
quantity  by  natural  processes  in  air.  The  writer 
knows  of  no  feels  to  confirm  or  refute  this  im¬ 
portant  point,  which  may  be  extremely  difficult 
to  resolve. 

It  is  not  claimed  that  the  tree  ranges  of  the  new 
sampler  are  necessarily  the  ben.  Further  knowl¬ 
edge  may  require  them  to  be  altered  in  cut-off  or 
in  number,  or  both,  end  this  can  readily  be  done 
by  use  of  the  data  in  Fig.  4.  The  standard  design 
might  be  modified  by  adding  a  top  stage  with 
similar  characteristics  to  the  top  stage  of  model  B, 
Fig.  2.  This  could  distinguish  large  wound-infect¬ 
ing  particles  from  respirable  ones.  In  other  work, 
a  simple  two-stage  "upper”  and  "lower"  respira¬ 
tory  tract  simulation,  as  in  stages  2  and  3  of 
model  B,  might  be  quite  adoquate.  Selective 
sampling  is  based  on  the  mass  of  work  done  on 
the  effects  of  toxic  industrial  dusts  on  the  rela¬ 
tively  few  workers  exposed  to  them,  whereas  much 
less  seems  to  he  known  about  the  equivalent 
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prepense*  o f  th*  causative  agema  o f  airborne  in¬ 
fection,  to  which  all  marobart  of  society  are  ex¬ 
posed.  It  is  hoped  that  the  new  aampier,  modified 
if  oaoaaaery  aod  uaad  per  hap*  in  conjunction  with 
ttaoae  of  daaa  I,  will  extend  the  latter  held  of 

« - -  «  a — 

RwwmO^B. 

The  uaaftilnaaa  of  the  aampier  ia  not  net  aaaarily 
confined  to  viable  aeroaob.  It  might  well  be  used 
in  air  pollution  work,  indoors  and  out.  and  any¬ 
where  whan  respiratory  irritation  is  related  to 
particle  aia. 

Finally,  it  may  be  mentioned  that  thegapba- 
twaan  class  I  and  daaa  II  amplan  may  be  bridged 
by  uaing  soluble  pet  collection  auriacaa  (gelatin 
with  glycerol),  which  may  afterwards  be  washed 
off  in  warm  water  for  dilution  and  plating  to  give 
n  single  call  count.  Both  the  Andersen  (|)  and 
Betteile  (11)  ImpKtor  configurations  can  easily 
be  converted  to  this  use.  Studies  on  these  tines 
were  carried  out  in  the  preeent  work,  and  were 
quite  prombtag,  except  that  the  problem  of  find¬ 
ing  e  auffldenUy  stiff  yet  soluble  gti  to  reriet  the 
high  velocity  impingament  in  the  final  stage  was 
not  solved.  Mkroaoopa  studies  showed  that  im¬ 
pinged  caDi  could  not  be  affectively  washed  off 
agar  aurfhcea,  and  dry  surfhcea  cannot  be  used 
became  of  death  of  cells  by  desiccation.  Abo,  the 
preparation  of  gsi  mriheas  requires  extra  work, 
itvi  it  w  t*wt  thn  glasi  liquid  moilril  is 

preferable  because  it  offers  greeter  simplicity  in 
use,  gives  a  reliable  performance,  and  » inexpen¬ 
sive  to  mamifhcture. 

Avmlamuty 

The  sampler  may  be  obtained  from  A.  W. 
Dixon  and  Co.,  England.  The  design  is  patented 
(No.  1964  63)  by  the  British  Government. 
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Introduction 

Amoi^  the  few  reports  relating  to  the  quamia- 
tive  parameters  of  the  transmission  of  n«ny  types 
of  respiratory  infection,  ere  those  of  Riley  for 
tuberculous  (4)  end  Tfertt  et  el.  for  Q  fever  (3). 
These  reports  suggest  that  adequate  quantitative 
information  can  be  obtained  in  natural  situations 
only  if  it  is  possible  to  sampk  volumes  of  sir 
which  are  very  targe  in  relation  to  the  respiratory 
volume  of  men. 

In  a  recent  epidemiological  study,  we  had  the 
opportunity  to  employ  the  Large  Volume  Air 
Sampler  (LVS)  described  informally  by  William 
Perkins  at  this  meeting.  The  device  has  been  de¬ 
scribed  in  detail  by  the  manufacturer  (Rept  2586 
of  Litton  Industries,  Inc.,  Minneapolis,  Minn.). 
The  present  report  indicates  a  technological 
potential  of  importance,  in  spite  of  the  pre¬ 
liminary  nature  of  the  data  and  the  praaent  lack 
of  estimates  of  quantitative  reliability. 

Emdcmiolooical  Problem 

Acuta  respiratory  disease  (ARD)  in  Army  re¬ 
cruits  occurs  in  epidemic  form  in  bask  training 
centers  all  over  the  United  States.  The  disease  is 
caused  mainly  by  adenovirus**,  especially  type  4, 
end  occurs  regularly  each  winter  in  new  recruits 
(hiring  the  2nd,  3rd,  and  4th  weeks  of  the  bask 
training  cycle.  Meningococci  and  group  A  strep¬ 
tococci  ate  other  common  respiratory  pathogens 
which  may  produce  cptdemk  disease  in  recruits. 
Rates  of  infection  ami  febrile  illness  vary  during 
the  year  and  from  year  to  year,  owing  to  a  number 
of  poorly  understood  factors,  including  physical 
and  emotional  stresses. 

The  pattern  of  a  typical  ARD  outbreak  at  a 
training  camp  is  depicted  in  Fig.  I .  Adenovirus 
infections  began  to  occur  during  the  second  week 
of  training.  Viral  t otation  attempts  were  per¬ 
formed  at  weekly  ini  web  and  yielded  positive 
results  from  37  of  the  8  men  (77r; ).  Of  the  re¬ 
mainder,  live  had  type  specif.c  serum  antibody  at 
the  time  of  first  sampling  and  did  not  develop  the 
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infection,  and  six  men  showed  rises  in  antibody 
titers,  but  without  illness.  Thus,  of  the  susceptible 
subjects,  all  responded  either  by  shedding  virus  or 
with  antibody  production.  Twenty-seven  of  the 
infections  were  associated  with  febrile  illness. 

Bacterial  studies  of  the  throat  and  nasopharynx 
showed  that  meningococcal  carrier  rates  among 
recruits  increased  from  42%  upon  entry  in  the 
Army  to  a  peak  of  90%  during  the  3th  week  of 
training.  The  curve  for  meningococcal  incidence 
lagged  about  1  week  behind  that  of  adenovirus 
type  4.  We  questioned  whether  adenovirus  infec¬ 
tions  were  responsible  for  the  spread  of  meningo¬ 
cocci  in  a  manner  analogous  to  the  “cloud  baby” 
spread  of  staphylococci  (2) .  Sulfonamide-resistant 
strains  of  meningococci  were  initially  absent,  but 
accounted  for  23  to  30%  of  ttrains  isolated  in  the 
6th  through  8th  week*  Group  A  streptococcus 
carrier  rates  were  rather  stable  end  at  a  low  level 
during  the  period  of  observation.  (The  excess 
cates  shown  in  Fig.  1  in  the  final  2  weeks  were 
associated  with  nontypeble  strains.)  In  the  popu¬ 
lation  under  study,  then,  there  were  et  least  three 
different  respiratory  pathogens,  each  of  which 
appeared  to  have  a  different  pattern  of  trans¬ 
mission. 

These  recurring  epidemiological  features  pre¬ 
sented  an  excellent  opportunity  for  the  study  of 
microbial  transmission.  The  initial  studies  were 
concerned  with  detection  of  aerosob  of  the  agents, 
which  might  serve  as  e  source  of  infection  The 
LVS  was  employed  in  order  to  have  maximal 
sensitivity  of  detection. 

LVS  Studio 

in  January  1966,  during  a  period  when  attack 
rates  were  high,  attempts  were  made  to  sample  air 
in  the  vkinily  of  ill  recruits.  A  number  of  patients 
were  studied  individually  in  a  hospital  room  of 
1,440  ft*  capacity.  Attempts  were  made  to  isolate 
adenovirus  type  4  and  meningococci  from  throat 
gargles  and  throat  swabs,  respectively,  and  from 
the  collecting  fluid  of  the  LVS. 
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Pm.  I.  Rattrm  of a  typical  ARD  outbreak  among 
army  recrutlr 


In  one  such  study,  the  patient  w  in  the  room 
for  10  nun  couching  frequently,  before  sampling 
began.  A  nasopharyngeal  swab  sample  wws  found 
to  be  positive  for  roup  B  meningococci,  and  a 
throat  wash  was  positive  for  adenovirus  type  4. 

In  3  mkt  of  sampling,  a  total  of  1,713  ft1  of  air 
was  drawn  through  the  LVS,  and  the  particulate 
content  was  collected  in  a  total  of  liO  ml  of  sam¬ 
pling  fluid.  One  group  B  meningococcal  cell  was 
recovered  for  every  99  ft*  of  air,  and  1  adenovirus 
unit  par  277  ft1  of  air.  The  latter  unit  was  a  tissue- 
cult  ore  infective  dose  employing  I  ml  of  sampling 
fluid  as  inoculum 

Several  attempts  at  sampling  for  adenovirus 
type  4  in  barracks  were  made  in  training  compa¬ 
nies  in  which  epidemic  disease  was  beginning. 
Samples  ware  collected  during  early  evening 
when  activity  was  at  a  peak,  and  again  later  after 
“lights  out”  when  recruits  were  in  bed.  Results  to 
date  are  incomplete.  Data  on  adenovirus  type  4 
recoveries  in  two  trials,  however,  are  given  in 
Table  l. 

Discussion  and  Conclusions 

These  examples  indicate  that  the  LVS  can  pro¬ 
vide  bacteria!  and  viral  isolations  from  air  col¬ 
lected  in  Held  situations.  Meningococci  were 
found  in  a  concentration  of  one  viable  particle  per 
100  ft*  of  air,  whereas  with  adenoviruses  one  tissue 
culture  infective  dose  was  found  in  300  to  3,000 
ft*  of  air.  Although  the  results  presented  above 
can  only  be  considered  as  preliminary  data,  they 
do  indicate  the  need  for  sampling  large  volumes 
of  air  in  studies  of  naturally  produced  aerosols.  It 
is  readily  apparent  that  an  all  glass  imptnger, 
operating  at  12  5  liters  per  min  (6),  is  inadequate 
for  collecting  such  low  concentrations  These  re¬ 
sults  may  explain  our  failure  in  the  past  to  detect 
infective  particles  in  epidemiological  sampling 
with  an  jilt  glass  impinger  (I) 


Tout  I  Remit t  of  air  xampllng  for  aJemolrut 
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*  Infected  I  issue  culture  after  inoculation  of  I 
ml  of  sampler  collecting  fluid. 


The  experiments  provide  some  of  the  informa¬ 
tion  that  Morton  (3)  had  in  mind  in  1963  when 
ha  propoeed  four  “ postulates”  relating  to  the 
epidemiology  of  airborne  infection.  They  were  aa 
follows:  <i>  one  must  demonstrate  the  prerence  of 
airborne  viable  infective  organisms;  (ii)  one  must 
measure  concentrations  and  particle  sues;  (iii) 
one  must  dwnonstratc  experimentally  that  con¬ 
centrations  and  particles  of  this  sort  can  cause 
infection;  and  (iv)  one  ought  to  show  directly 
wham  the  particles  have  come  from.  The  present 
experiments  show  that  the  LVS  can  recover  air¬ 
borne,  viable  orpmfuns  at  very  low  concentra¬ 
tions  in  natural  aerosols.  These  studies  have  not 
demonstrated  infectivity  for  man  of  the  organisms 
collected,  nor  have  they  proved  the  source  of  the 
organisms. 
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Introduction 

In  any  discussion  of  air  sampling  methods,  the 
practical  consequence*  of  the  divergent  intemu 
of  the  partkipanu  quickly  become  apparent. 

One  roup  of  workers,  exemplified  by  the  Mi- 
crobiotogicat  Research  Establishment  at  Pori  on. 
England,  and  by  the  Army  and  Navy  Biological 
Laboratories  here  in  the  United  Suites  are  pri¬ 
marily  concerned  in  the  mmpling  of  artificially 
generated  clouds.  This  often  involves  higher  air 
concentration,  single  species  of  microorganism, 
small  particle  sixes  and  relatively  little  extraneous 
organic  material. 

Another,  more  difftae  group,  to  which  I  be¬ 
long.  is  concerned  with  the  tampling  of  die  air¬ 
borne  flora  of  occupied  {daces  and  the  relation  of 
this  to  infection  and  disease  in  ordinary  life. 

The  airborne  organism  of  interest  in  these  en¬ 
vironments  are  usually  present  in  small  numbers 
only  ,  accompanied  by  much  larger  numbers  of  a 
wide  variety  of  other  species;  panicle  sices  extend 
above  20  *  equivalent  particle  diameter,  and  the 
typical  particle  is  probably  principally  compomd 
of  dried  secretion  or  cellular  debris 

In  spile  of  these  differences,  however,  the  tech¬ 
nical  problems  involved  have  sufficient  funda¬ 
mental  similarity  for  me  to  hope  that  the  topics  I 
am  going  to  discuss  briefly  arc  of  concern  to  both. 

COLUCTION  or  THE  SAMPLE 
Separation  of  the  Particulate*  from  the  Air 

This  is  the  primary  problem  of  all  air  sampling. 
The  physical  principles  involved  are  now  generally 
understood  (3),  hut  there  are  two  particular  points 
worthy  of  consideration 

First,  when  looking  far  a  particular  species  in 
high  dilution,  it  is  helpful  to  collect  the  organisms 
into  as  small  an  amount  of  medium  as  possible. 
The  level  of  interest  may  he  as  low  as  one  or  two 
viable  cells  in  100  ft*  of  air  or  more.  We  have 
experimented  on  two  approaches  with  a  view  to 
sampling  for  respiratory  virus.  In  contrast  to 
May’s  experience  (10),  we  have  found  it  possible 
to  recover  the  great  majority  of  the  cells  collected 
by  impingement  onto  an  agar  surface  by  washing 
with  a  small  volume  of  fluid  while  rubbing  with  a 
glass  rod,  both  with  and  without  previous  coating 
of  the  agar  surface  (6).  Alternatively,  the  airborne 
panicles  have  been  impinged  onto  the  surface  of  a 
stainless  steel  cylinder  which  is  kept  moist  by 
continual  rotation  in  fluid  medium  (Fig.  I).  A 
more  complex  principle,  which  has  been  em¬ 


ployed  in  tome  commercial  air  c  lea  nan  (Cyclone 
type  air  cleaners  with  separated  air-flow— Ro- 
tonamk,  Farr  Co ,  Los  Angeles,  Calif  ),  is  to 
concentrate  the  paniculate  material  into  a  pan  of 
the  air  uream  which  is  than  bled  off  into  the  sim¬ 
pler  proper. 

The  second  general  point  concerns  the  pro¬ 
vision  of  efficient,  quiet  air  suction  devices.  The 
energy  required  to  extract  10  liters  of  air  per  min 
•gainst  10  cm  of  water  pressure  is  only  of  a 
watt.  Even  600  titan  par  min  at  30  cm  of  water 
pressure  represents  only  30  w.  (These  figures  rep¬ 
resent  the  two  extremes  in  the  air  samplers  we 
use.)  Measured  against  these  figures,  the  pumps 
wa  commonly  employ  are  both  noisy  and  vary 
inefficient.  At  the  lower  end  of  the  scale,  we  have 
just  succeeded  in  building  a  pump  with  a  4-mch 
neoprene  diaphragm  having  a  mechanical 
efficiency  of  about  60%. 

Its  prewnt  motor,  about  33%  efficient,  takes 
ISO  me  at  6  v  or  0.9  w,  an  overall  efficiency  of 
nearly  20%.  Motors  with  60  to  70%  efficiencies 
are  now  available  in  this  size.  A  quiet,  efficient 
pump  handling  several  hundreds  of  liters  of  air 
per  minute  at  back  pressures  up  to  23  to  33  cm  of 
water  would  be  a  reel  asset. 

Sue  DtmuaunoN  or  the  Particles 

Selective  impaction,  either  onto  solid  or  liquid 
medium,  is  probably  the  best  method  we  have. 
Very  elegant  methods  employing  sedimentation 
over  fixed  distances  through  non  turbulent  air 
streams,  sometimes  m  a  centrifugal  field,  have 
been  employed  for  dust  analysts  (14, 13),  but  not, 
so  far  as  1  know,  for  microorganisms.  These  lead 
to  much  sharper  size  sene  rations  than  the  im¬ 
paction  devices,  where  the  overlap  between  the 
si»  groups  h  uncomfortably  large.  The  restricted 
working  size  range  is  a  further  limitation  to 
several  designs.  In  occupied  places,  microorga¬ 
nisms  are  commonly  associated  with  particles 
whose  median  equivalent  diameter  «  about  12  to 
13  u  (II).  Such  clouds  can  only  be  adequately 
sized  if  the  first  stage  cut-off  of  the  sampler  ap¬ 
proaches  20  u  or  larger. 

Contrast  hon  or  the  Particles 

This  is  not  often  considered  as  a  sampling  prob¬ 
lem,  but  it  may  often  have  important  epidemiolog¬ 
ical  implications.  Rubbo  and  hb  co  workers  (13) 
attempted  to  demonstrate  an  association  between 
cotton  fiber  and  airborne  hysteria  at  hospital 
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Fig.  1  “ Stamp-ticker ”  air  sampler;  two  sn  lions  at  right  angles.  The  perspex  tnl.y  duct  'erminoles  * 

/  mm  wide  by  5  cm  long  each  with  their  lower  fares  2  mm  above  the  top  of  a  stainless-steel  cylinder  2.5  cm  u, 
diameter  The  matt-surfaced  cylinders  are  rotated  in  poiyl.  trqfluoroeihylene  bushes  by  an  external  motor  at  6 
^min  and  dip  into  the^dlecting  fluid.  The  main  body  of  the  sampler  is  fabricated  from  stainless  steel  sheet,  and 
the  entry  duct  is  damped  down  onto  I, waling  blocks,  with  a  sponge  rubber  sealmg  gasket.  Directions  of  an  flow 
and  of  rotation  of  the  cylinders  are  show  n  by  arrows. 


wards.  Davies  and  Noble  (4)  suggested  that 
Staphylococcus  aureus  is  often  found  associ¬ 
ated  with  skin  fragments.  Some  indication  of 
the  effective  disseminating  sources  of,  for  ex¬ 
ample,  Clostridium  welchii  might  be  found  along 
these  lines.  Another  aspect  of  the  composition  of 
the  airborne  particles  is  the  number  of  viable  cells 
contained  in  it.  The  clumps  of  cells  in  the  larger 
particles  of  artificially  generated  clouds  will  often 
be  dispersed  in  liquid  medium.  In  this  case,  com¬ 
parison  between  colony  counts  obtained  by  im¬ 
paction  on  solid  media  and  the  recovery  .rom 
fluids  enables  an  estimate  of  the  mean  number  of 
viable  cells  per  clump  to  be  obtained.  Species, 
such  as  certain  streptococci,  who;*  cells  do  not 
separate  easily  during  multiplication,  obviously 
cannot  be  examined  in  this  fashion.  More  gener¬ 
ally,  it  appears  that  the  viable  cells  in  many,  if  not 
most,  naturally  occurring  panicles  cannot  be 
easily  separated  (1).  Dispersion  by  mechanical 
methods  or  by  chemical  (e  g.,  enzymatic)  action 
has  been  suggested  but  not  adequately  explored 
(7,  9).  Estimation  of  clump  size  from  the  shape  of 
the  dose-survival  curve  resulting  from  exposure  to 
a  sterilizing  process  with  a  constant  chance  of  cell 
death  per  unit  dose  increment  is  essentially 
laborious,  and  a  suitable  sterilizing  process  can¬ 
not  always  be  found  Electron  bombardment  has 
been  used  for  staphylococcus-carrying  particles 
(8),  but  the  killing  action  of  this  and  other  radia¬ 
tions  is  often  complex.  Knowledge  of  the  clump 
size  is  important  in  infectivity  studies.  The  dose 
may  differ  substantially  from  the  particle  estimate, 
and  this  difference  may  vary  with,  for  example,  the 
age  of  the  suspension,  as  death  of  cells  reduces  the 
average  number  of  viable  units  per  particle. 


Selective  Cultural  Methods 

The  viable  cells  carried  on  dry  airborne  particles 
differ  from  those  present  in  liquid  cultures.  They 
appear  to  be  more  resistant  to  the  action  of  ultra 
violet  radiation,  although  it  is  not  clear  to  what 
degree  this  is  a  property  of  the  cells  themselves  or 
to  what  degree  it  depends  on  the  nature  of  the 
matrix  in  which  they  are  embedded  (2).  They  may 
differ  in  infectivity  and  virulence  (5,  12),  and  they 
may  differ  in  antigenic  structure  and  power  to 
combine  with  immunofluorescent  reagents.  More 
pertinent  here,  they  are  often  less  able  to  grow  on 
selective  media  (16).  How  far  this  relative  dis¬ 
ability  is  affected  by  a  preliminary  hold  time  in  a 
collecting  fluid  I  do  not  know.  In  practice,  this 
cell  defect,  whatever  its  nature  or  cause  may  be,  is 
a  severe  limitation.  Sometimes  a  useful  discrimi¬ 
nation  in  favor  of  the  species  of  interest  without 
significant  loss  can  be  obtained  by  reduction  in 
the  concentrations  of  the  selective  agents.  An 
alternative  approach  is  to  grow  the  organisms  to 
microcolony  size  on  an  unseleclive  medium  and 
then  to  replicate  onto  one  or  a  variety  of  selective 
media  (t6).  The  transferred  cells  are  then  in  their 
growth  phase  and  are  better  able  to  continue 
growth  in  the  inhibitory  medium. 
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Introduction 

This  report  describes  a  number  of  character* 
istks  of  artificially  prepared  aerosols  containing 
coxsackievirus  A,  type  21,  a  virus  that  causes 
respiratory  illness  in  man.  Studio  on  natural 
aerosols  produced  by  subjects  who  have  been 
infected  with  this  virus  are  also  described. 
The  findings  are  part  of  a  continuing  program  of 
investigation  of  the  role  of  aerosols  in  human 
viral  respiratory  disease  conducted  as  a  joint 
undertaking  by  the  U.S.  Army  Biological  Center, 
Fort  Detrick,  Frederick,  M<L,  and  the  Institute  of 
Allergy  and  Infectious  Diseases,  National  Insti¬ 
tutes  of  Health,  Bethesda,  Md. 

The  report  is  divided  into  two  sections.  The 
first  deals  with  observations  on  the  properties  of 
laboratory-generated  viral  aerosols  used  for 
inoculation  purposes,  and  the  second  covers  the 
production  of  viral  aerosols  by  experimentally 
infected  subjects  and  the  contamination  of  air  in 
rooms  occupied  by  them. 

The  program  has  availed  itself  of  a  large  body 
of  information  concerning  bacterial  aerosols  and 
was  aided  by  some  new  techniques  pertinent  to 
viral  aerosols.  The  work  so  far  has  provided  a 
sound  experimental  basis  for  a  broad  approach  to 
the  problem  of  the  rote  of  viral  aerosols  in  human 
respiratory  disease,  and  the  information  already 
gained  has  indicated  a  possible  significance  for 
this  mode  of  dissemination  of  these  infections. 

Results 

Preparation  and  Properties  of  a  Small- Particle 
Viral  Aerosol 

Studies  with  artificially  prepared  small-particle 
aerosols  were  undertaken  to  provide  better  con¬ 
trol  of  the  site  of  inoculation  than  was  possible 
with  liquid  suspensions  instilled  into  the  noes. 


Opportunity  was  also  provided  to  make  observa¬ 
tions  on  virological  and  physical  properties  of  this 
form  of  viral  suspension.  The  results  to  date  ere 
limited  to  findings  with  coxsackievirus  A,  type  21 , 
but  the  methodology  is  applicable  to  agents  be¬ 
longing  to  three  other  major  virus  groups:  adeno¬ 
viruses,  rhino  viruses,  and  influenza  viruses. 

An  aerosol  apparatus  originally  designed  for 
use  with  a  bacterial  organism  (5,  8,  11)  and  the 
Collison  atomizer  (2,  9)  were  selected  for  evalua¬ 
tion.  The  aerosol  was  generated  from  a  safety- 
tested,  tissue  culture  suspension  of  vims  (4,  10). 
The  equipment  produced  a  heterogeneously  sized, 
small-particle  aerosol  under  the  conditions  in 
which  it  was  used.  The  sampling  instrument  used 
in  these  studies  was  the  Shipe  impinger  (16).  It 
contained  5  to  10  ml  of  a  suitable  cell  culture 
medium  that  could  be  used  directly  in  the  selected 
assay  system.  The  high  efficiency  of  the  Shipe 
impinger  for  the  collection  of  virus  from  these 
aerosols  has  been  established.  About  50%  of  the 
total  virus  atomized  was  recovered. 

Preliminary  experiments  were  performed  to 
determine  the  relationship  between  the  concentra¬ 
tion  of  the  viral  suspension  to  be  sprayed  and  the 
viral  concentration  of  the  resulting  aerosol.  This 
information  was  essential  to  provide  a  degree  of 
control  over  doses  of  virus  to  be  administered. 
Figure  1  shows  data  collected  with  coxsackievirus 
A-21.  It  is  apparent  that  a  direct  relationship 
exists  between  the  concentration  of  the  virus  in 
the  spray  suspensions  and  that  of  the  aerosol. 
With  this  information,  it  was  possible  to  estimate, 
within  an  acceptable  range,  doses  of  virus  to  be 
administered  to  volunteers  by  appropriate  dilu¬ 
tion  of  the  spray  suspension.  The  actual  dose 
administered  was  determined  at  the  time  of  each 
inoculation  (4). 

Another  factor  of  concern  with  both  the  experi- 
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mental  and  natural  aerosols  was  the  distribution 
ol  virus  in  aerosols  of  heterogeneous  particle  size. 
It  was  important  to  know  whether  virus  concen¬ 
tration  followed  the  volume  distribution  of  the 
aerosol  or  whether  some  unknown  selective  force 
caused  an  unexpected  concentration  of  vims  in 
particles  of  one  size  or  another.  To  answer  this 
question,  the  concentration  of  virus  was  measured 
in  aerosol  particles  of  various  size  ranges.  The 
particle-size  distribution  of  the  aerosol  was  de¬ 
termined  by  direct  microscopic  measurement,  and 
virus  was  collected  in  an  Andersen  sampler  (1). 
The  plates  were  prepared  by  pouring  a  21 -ml  base 
layer  of  hard  agar  and,  after  this  solidified,  an 
overlay  of  6  ml  of  \2%  gelatin  was  added  (6). 
The  agar  served  to  place  the  gelatin  surface  at  the 
proper  level  below  each  sieve  plate.  After  sam¬ 
pling,  the  gelatin  in  the  plates  was  liquefied  at  37  C 
and  was  removed  for  virus  assay.  Figure  2  shows 
the  results  of  one  of  these  experiments.  As  can  be 
seen,  the  virus  concentration  appeared  to  be  mote 
closely  related  to  the  volume  distribution  rather 
than  the  particle  number  distribution  of  the 
aerosol.  Similar  findings  (1)  have  been  reported 
for  bacterial  aerosols. 

Particle  sizing  of  vims  aerosols,  both  experi¬ 
mental  and  natural,  presented  no  unique  prob¬ 
lems.  Standard  techniques  with  use  of  cascade 
impactors,  membrane  filters,  and  settling  slides 
were  used  without  modification  (14). 

Viral  Aerosols  Produced  by  Infected  Persons 

For  present  purposes,  natural  aerosols  are 
defined  as  those  arising  directly  or  indirectly  from 
infected  volunteers.  The  events  that  were  con¬ 
sidered  to  be  possible  sources  of  viral  aerosols 
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Fkj.  I .  Relationship  of  coxsackievirus  A-21  concen¬ 
trations  in  spray  suspensions  and  aerosols.  Reproduced 
by  permission  from  reference  (4). 


Fw.  2.  Distribution  of  coxsackievirus  A-21  in  an 
aerosol  heterogeneous  in  particle  site.  Reproduced  by 
permission  from  reference  (4). 


included  sneezes,  coughs,  talking,  and  breathing. 
Because  talking  and  breathing  produced  rela¬ 
tively  few  particles,  our  studies  were  concentrated 
on  the  sneeze  and  cough. 

Two  procedures  were  devised  to  examine  the 
aerosols  produced  in  coughs  and  sneezes  by  in¬ 
fected  volunteers.  One  was  used  to  recover  vims 
from  coughs  and  sneezes,  whereas  the  second  was 
principally  concerned  with  sizing  and  distribution 
of  particles  in  the  aerosol. 

Recovery  of  vims  from  aerosols  and  droplets 
produced  by  coughs  and  sneezes  was  accomp¬ 
lished  by  having  the  volunteer  sneeze  or  cough 
into  a  deflated  weather  balloon  (Fig.  3).  The 
balloons  were  washed  several  times  to  remove  as 
much  talc  as  possible.  They  were  sterilized  while 
submerged  in  buffered  saline  and  then  stored  in  a 
refrigerator.  Prior  to  use,  the  excess  fluid  was  re¬ 
moved  and  replaced  with  10  ml  of  cell  culture 
medium.  The  balloon  was  attached  to  a  lace  mask 
that  provided  a  tight  fit  around  the  nose  and 
mouth  of  the  volunteer.  After  the  volunteer 
sneezed  or  coughed,  the  neck  of  the  balloon  was 
clamped  off.  By  use  of  a  Shipe  impinger,  the  air 
phase  of  the  balloon  was  immediately  sampled. 
The  inlet  on  the  critical  orifice  was  modified  from 
the  usual  blunt-end  capillary  to  a  funnel  shape  to 
reduce  the  loss  of  larger  particles  ( >5  u)  by 
impaction  (12).  The  balloon  was  re  inflated  with 
laboratory  air,  and  the  wall  inside  was  carefully 
rinsed  with  10  ml  of  medium.  The  impinger  fluid 
was  assayed  for  vims  directly.  The  wash  medium 
from  the  balloon  was  clarified  by  centrifugation, 
and  the  supernatant  fluid  was  assared  for  virus. 
This  procedure  gave  the  approximate  amount  of 
total  virus  in  a  sneeze  or  cough,  and  roughly 
defined  the  airborne  component  as  distinct  from 
the  portion  that  either  impacted  on  the  inner  wall 
of  the  balloon  or  immediately  fell  out  because  of 
large-particle  size. 
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Fkj.  3.  Use  of  a  weather  balloon  for  ike  entrapment 
of  sneezes  and  roughs. 


Some  examples  of  results  obtained  by  use  of 
this  technique  on  volunteers  infected  with  cox¬ 
sackievirus  A-21  are  given  in  Tables  1,  2,  and  3. 
These  results  are  presented  to  illustrate  that  the 
procedure  can  be  used  for  detecting  virus  in  these 
expiratory  events.  Although  the  quantities  of 
virus  recovered  range  from  a  few  tcidm  to  several 
thousand,  the  results  cannot  be  considered  in 
absolute  quantitative  terms.  There  is  little  doubt, 
however,  that  virus  can  be  aerosolized  in  tie 
process  of  sneezing  or  coughing,  and  that,  in  some 
instances,  sufficient  quantities  are  expelled  which 
could  account  for  infection  of  susceptible  indi¬ 
viduals  in  the  environment. 

Particle-size  analyses  were  made  on  sneezes  and 
coughs  collected  in  a  127-liter  stainless  steel  cham¬ 
ber.  The  chamber  was  shaped  as  a  truncated  cone 
to  minimize  impaction  of  panicles  on  its  sides 
(Fig.  4).  It  was  equipped  at  the  small  end  with 
a  pneumatic  tube  that  tightly  tit  the  facial  contour 
around  the  nose  and  mouth.  At  the  opposite  end 
of  the  chamber  were  several  sampling  ports  that 
would  accommodate  impingers,  impactors,  An¬ 
dersen  samplers,  and  a  particle-size  analyzer  (13). 
A  large  weather  balloon  could  be  inserted  into  the 
chamber  with  its  mouth  open  to  the  outside.  This 
balloon  would  inflate  as  the  aerosol  was  sampled, 


avoiding  the  dilution  of  the  aerosol  with  outside 
air.  Preliminary  particle-size  analyses  showed  that 
the  particle  content  of  room  air  obscured  the 
particles  produced  by  the  sneeze  or  cough.  To 
circumvent  this  problem,  the  volunteer  was  placed 
in  a  plastic  tent  that  was  continuously  purged  with 
Altered  air,  as  was  the  chamber.  After  several 
minutes  of  deep  breathing  in  this  environment,  the 
particles  were  almost  completely  removed  and 
reliable  measurements  could  be  made. 

An  example  of  the  particle-size  distribution  of 
aerosols  from  sneezes  and  coughs,  by  use  of  this 
equipment,  is  shown  in  Table  4.  In  comparing  the 
s  teeze  and  cough  from  a  single  volunteer,  it  may 
be  noted  that  the  particle-size  distributions  were 
similar.  The  sneeze  produced  18  times  more 
particles  than  did  the  cough.  The  volume  of  the 
sneeze  was  about  30  times  that  of  the  cough. 

Particles  above  lift  in  diameter  presented  a 
special  problem  which  has  not  been  successfully 
solved.  Because  of  their  high  settling  rate  and  low 
concentration,  no  attempt  was  made  to  enumerate 
these  particles. 

Air  Sampling  in  the  Environs  of  Infected  Volunteers 

After  it  was  established  that  the  infected  human 
volunteer  did  produce  airborne  virus,  it  was  of 
interest  to  determine  whether  virus  could  be  re¬ 
covered  from  the  room  air  surrounding  the 
subjects.  Preliminary  calculations  were  based  on 
the  average  volume  of  oral  secretions  in  a  sneeze, 
the  expected  titer  of  virus  in  oral  secretions,  and 
the  volume  of  the  room.  If  volunteers  harbored 
104  tcidh  of  virus  per  milliliter  of  oral  secretions, 
sneezed  100  times  in  a  closed  room  (70,000  titers 
in  volume),  and  atomized  5.9  x  10  ■*  ml  of  secre¬ 
tions  with  each  sneeze,  12,000  liters  of  air  would 
have  to  be  sampled  to  recover  1  tcjdm  of  virus. 
Any  biological  and  physical  losses  of  airborne 
particles  would  tend  to  increase  the  volume  of  air 
that  must  be  sampled.  It  was  upparent,  therefore, 
that  devices  that  sampled  10  to  30  liters  of  air  per 
minute  were  impractical  for  use  in  these  studies. 
This  eliminated  from  consideration  virtually  every 
commonly  used  sampling  device. 

The  apparatus  that  was  selected  for  these 
studies  was  a  newly  developed  large-volume 
sampler  (LVS;  designed  by  Litton  Systems,  Inc., 
Minneapolis,  Minn.,  under  contract  with  Fort 
Detnck)  that  functioned  by  electrostatic  precipita¬ 
tion  (Fig.  5  and  6).  It  is  capable  of  drawing  air 
flows  up  to  10,000  liters  per  minute.  The  air 
passes  through  a  high-voltage  corona  that 
charge  particulate  matter,  causing  it  to  precipi¬ 
tate  on  a  grounded  disc.  The  disc  rotate  at  200 
to  300  rev/min  and  is  covered  with  a  thin, 
flowing  film  of  collecting  fluid.  The  diluent  used  in 
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Table  I.  Recovery  of  coxsackievirus  A-2t  from  coughs  of  volunteers  by  use  of  the  balloon  technique 


Yohwtctr  no. 

S<hirc# 

tctBMOt  vint 

Positive  lull* 

4 

i 

i 

5  i 

<Uy* 

6 

day* 

• 

1 

dan 

n 

6*  yt 

14  1 

dajn 

29 

days 

1 

Air 

30  ' 

48 

25 

;  o 

25 

10 

0  ! 

6  n 

Wall 

0 

0 

260 

j  30  ! 

0 

0 

0  I 

2 

Air 

90 

0 

0 

!  0 

0 

0 

1  — »  ! 

i  n 

Wall 

0 

0  ! 

0 

0 

0  j 

0 

;  —  ' 

3 

Air 

o  ; 

0  i 

0 

0 

0  i 

0 

l  ; 

t  /A 

Wall 

0  1 

0 

0 

30 

0 

0 

0 

4 

Air 

90 

0  i 

0 

1  10 

0 

1  0 

!  o  i 

2/7 

Wall 

0  j 

0  1 

0 

o  1 

o 

0  ; 

0  ; 

*  Days  after  exposure. 

*  Number  of  positive  coughs/total  tested. 
e  Not  tested. 


Table  2.  Shedding  of  coxsackievirus  A  -21  by  human  volunteers 


| 

icon 

Foa<tiv«/ 

ao.* 

Spfcimtn 

j 

daV  1 

dan 

5 

dan 

d<oi 

T 

da^rt 

total' 

i 

Oral  secretion4  ! 

>32,0004 

30 

100 

3,200  1 

too 

5/5 

Cough 

1 

Air*  i 

90 

0  i 

0 

0  ! 

0 

1/5 

Wall*  1 

30 

i  0  1 

0 

0 

0 

1 

Sneeze 

1 

! 

1 

Air 

- 1 

0  ! 

0 

0  • 

— 

2/3 

Wall 

-  1 

0  ; 

30 

15  : 

— 

2“ 

Oral  secretion 

0  i 

|  100 

3,200 

|  2/3 

Cough 

I 

1 

1 

Air 

j 

1 

5 

IS 

0 

2/3 

Wall 

0  . 

o  : 

0 

Sneeze 

i 

I 

j 

' 

Air 

i 

l 

1 

0 

o  1 

90 

1/3 

Wall 

i 

! 

0 

0 

l 

800 

*  In  a  third  volunteer,  all  specimens  were  negative  (not  infected). 

‘  Days  after  exposure. 

*  Number  of  positive  spccimens/total  tested. 

4  tcidv  per  0  2  ml  of  secretion. 

•Balloon  technique  (see  text). 

I  Not  tested. 

*  Began  shedding  virus  on  day  5. 

our  experiments  was  Eagle’s  basal  medium  con-  A-21  was  atomized  into  the  room  by  a  University 
taining  207)  calf  serum,  and  antibiotics  to  reduce  of  Chicago  Toxicity  Laboratories  (UCTL) 
bacterial  ana  fungal  contamination.  About  125  atomizer  (15),  and  the  aerosol  was  circulated  by  a 
ml  of  medium  was  recirculated  through  the  15-inch  Ian  directed  toward  the  aerosol  stream  at 
apparatus.  Evaporation  over  a  3.5  min  period  a  90°  angle  (Fig.  7). 

caused  a  loss  of  about  25%  of  the  fluid.  Since  most  determinations  were  made  on 

Preliminary  tests  to  determine  the  efficacy  of  the  aerosol  concentrations  below  the  threshold  of 
sampler  were  carried  out  in  a  room  with  a  volume  other  sampling  devices,  there  was  no  base  line  for 
of  32,800  liters.  A  suspension  of  coxsackievirus  comparison.  It  was  necessary,  therefore,  to  caku- 
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Table  J.  Shedding  of  coxsackievirus  A-21  hy  human  volunteers 


tpvdMtn 

! 

TCtDw 

day* 

Poaimr  Mai* 

|  J 

t  <kyi* 

4 

diyi 

s 

diyt 

day* 

Oral  secretion 

10,000' 

1,000 

1 

10 

100 

5/5 

1  Cough 

Air* 

10 

1» 

0 

0 

0 

2  5 

Wall* 

0 

400 

0 

0 

0 

Sneeze 

Air 

_  _  # 

0 

0 

0 

0 

0  4 

Walt 

— 

0 

0 

0 

0 

Oral  secretion 

0 

100 

10 

0 

2 '4 

Cough 

Air 

10 

480 

0 

0 

2,4 

Wall 

0 

80 

0 

0 

Sneeze 

Air 

0 

4,800. 

0 

V 

2/4 

Wall 

0 

S00,000> 

0 

1.600 

Oral  secretion 

1 

10 

2/2 

Cough 

Air 

1$ 

n 

2,2 

Wall 

160 

.to 

Sneeze 

Air 

- 

0 

O  1 

Wall 

0 

•  Days  after  exposure. 

‘  Number  of  positive  specimens  total  tested. 

•  tcidm  per  0.2  ml  of  secretion. 

•  Balloon  technique  (see  text). 

'  Not  tested. 

‘  Began  shedding  virus  on  day  4. 

•  Gross  nasal  secretions  were  expelled  hy  the  sneeze 
4  Began  shedding  virus  on  day  6. 


late  the  efficiency  of  the  apparatus  from  the 
amount  of  virus  atomized.  Figure  8  shows  the 
results  of  these  experiments.  Recoveries  ranged  as 
low  as  0.6'/;  to  as  high  as  71';,  with  the  vast 
majority  falling  between  1  and  20'';.  It  is  signifi¬ 
cant  that  virus  was  recovered  in  all  experiments  in 
which  the  predicted  aerosol  concentration  was 
0.001  tissue  culture  infectious  unit  (TC1U)  per 
liter  or  greater.  (Concentration  was  estimated  by 
the  dilution  method  of  Fisher  and  Yates  (7).| 

In  trying  to  establish  the  best  method  for 
handling  the  fluid  from  the  LVS  prior  to  assay,  a 
number  of  techniques  were  employed  in  an  effort 
to  concentrate  the  virus  and  reduce  the  problem  of 
contamination.  These  included  both  high-  and 
low-speed  centrifugation,  sonic  disruption,  extrac¬ 
tion  with  trichlorotrifluoroethane,  and  sometimes 
no  treatment  at  ail.  Although  these  procedures 
were  more  or  less  successful  in  reducing  contami¬ 
nation  or  reducing  the  volume  of  fluid  to  be 
levied,  they  did  not  seem  to  alter  the  per  cent 
recovery. 


In  the  interpretation  of  these  recovery  values, 
several  factors  must  be  considered: 

(i)  The  sampling  period  was  based  on  one  turn¬ 
over  of  room  air  through  the  sampler.  Since  the 
effluent  air  was  returned  to  the  room,  the  maximal 
efficiency  would  not  be  expected  to  exceed  66'r. 

(ii)  No  measurement  of  biological  or  physical 
loss  of  the  aerosol  was  made.  Any  losses  of  this 
nature  would  reduce  the  maximal  per  cent  re¬ 
covery  that  would  be  expected. 

(iii)  When  contamination  cf  the  cell  cultures 
occurred,  the  tubes  were  eliminated  from  the 
assay,  and  it  was  noted  that  a  low  recovery  value 
was  obtained  in  these  instances. 

A  second  series  of  experiments  was  done  in  a 
similar  manner,  except  that  a  tracer,  sodium 
fluorescein,  was  incorporated  into  the  virus  sus¬ 
pension  to  be  atomized,  and  large  concentrations 
of  virus  were  used.  With  these  large  concentra¬ 
tions  of  virus,  it  was  possible  to  make  direct  com¬ 
parisons  between  the  LVS  and  the  Port  on  all¬ 
glass  impinger  (AGI),  a  common  laboratory 
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5k.  4.  A  stainless  steel,  127-liter  chamber  far  the  coHtetton  of  sneezes  and  coughs. 


T*»Ll  4.  Airborne  portion  of  a  representative 
sneeze  and  a  representative  coagit 

!  SlW»»  |  CoOfV 


Partirlr  ; 


diam 

No  of 
fwrtkk* 

Vol 

i  No.  or  | 

,  portkln 

Vol 

V 

<1  1 

mm 

IM 

1  2 

686.000 

1,210,000 

37.701 

2  4 

101 .000 

1,427,000 

39,564 

4  8 

19H..I.IVI  ♦  *■ 

tt  15 

38 

Total 

1  604,600 

5,874,000 

90,838 

200,473 

Ratio  of  number  of  partic1.-  in  a  sneeze  to 
number  of  particles  in  a  coup',  v.as  17.6:1;  the 
ratio  of  volume  of  a  sneeze  to  volume  of  a  cough 
was  29.3:1. 

aerosol  sampler  The  LVS  was  operated  for  a  3.5- 
min  period,  whereas  the  AG1  were  operated  for 
1  min  (12.5  liters  per  minute  of  flow).  Based  on 
the  total  amount  of  virus  and  fluorescein  aero¬ 
solized  into  the  room  and  the  amounts  recovered 


Fk  J  Schematic  diagram  of  the  air  and  liquid  flow 
systems  of  the  large -volume  air  sampler. 

in  the  samplers,  recovery  rales  were  calculated. 
Table  5  shows  that  the  LVS  consistently  recovered 
more  fluorescein  than  the  AGI.  The  virus  recovery 
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Fw.  6  Photograph  of  a  targe- volume  air  sampler. 


The  Urge-volume  sampler  was  used  for 
detection  of  virus  in  the  air  of  rooms  occupied 
vo'anteen  experimentally  infected  with  aerai 
of  coxsackievirus  A-21.  Prior  to  sampling, 


Fm,  7.  Sampling  arrangement  for  testing  the  effi- 
tkacy  of  the  targe-roltone  air  sampler. 


rates  exhibited  variability  between  samples.  It  was 
also  significant  that  the  recovery  rates  of  the 
samplers  were  not  changed  in  situations  where 
sampling  was  started  after  the  aerosol  generator 
«®a  stopped  These  result*  suggest  that  the  LVS  ha 

highly  efficient  sampler  and  that  biological  in¬ 
activation  of  the  virus  did  contribute  to  the  low 
recoveries  in  earlier  experiments  (Fig.  8). 


*» 
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l  - 
>  * 
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i  >» 
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>  t  ' *  **>*• 

»«■«■<  m  **  m*. 


**i  KW 


Fkj  8  Pecmery  of  coxsackievirus  A  21  front  aero¬ 
sols  of  varying  concenlratituu  hr  use  of  the  large  volume 
air  sampler. 
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ventilation  was  turned  off  for  a  2-  to  4-hr  period 
The  room  was  dosed  except  for  entry  for  the 
sampling.  During  the  2-  to  4-hr  period,  no  reatric 
tiom  were  imposed  on  the  volunteers,  and  routine 
activity  was  normal.  The  sampler  was  operated 
for  a  12-min  period,  which  amounted  to  sampling 
120,000  liters  of  air.  The  room  volume  was  70,000 
liters.  It  was  estimated  that  about  82*  L  of  the 
room  air  was  sampled  by  this  procedure.  The 
vi  npling  fluid  was  immediately  frozen  and  stored 
lor  subaequent  assay  in  cell  cultures. 

The  remits  of  one  experiment  in  which  two 
rooms  wen  sampled  twice  daily  for  3  days  are 
shown  in  Table  6.  Virus  was  recovered  from  5  of 
these  16  samples  tested.  Overall  recovery  rates  re¬ 
vested  a  distinct  relationship  between  the  quan¬ 
tity  of  virus  in  Mentions  and  recovery  of  virus  in 
the  LVS  (3). 

DISCUSSION 

The  purpoac  of  these  studies  was  to  discrihe 
procedures  employed  in  studies  on  the  role  of 
viral  aeroeob  in  human  viral  respiratory  disease. 
The  results  showed  that  viral  aerosols  prepared 
with  the  Colltson  atomizer  can  be  adjusted  to  a 
desired  content  of  vims,  and  that  the  sue  distri¬ 
bution  of  tuch  aerosols  coincides  to  most  particles 
produced  in  sneezes  and  coughs  horn  infected 

Take  3.  Arrowy  of  toxsockiwiras  A  H  ami 

taoroirrim  from  room  otro  Stria 


Per  i  tat  ivretrry 


t  «l< 

Condi, mu  ol 
•*»|4i«« 

Sun|ikr 

Virus 

llwnt. 

coin 

7 

During  spraying 

LVS 

1  .2 

64 

AGI, 

2  5 

46 

AGI. 

6  0 

45 

AGI. 

2  5 

41 

X 

After  spraying 

LVS 

16  0 

64 

AGI, 

0 

42 

AGI, 

32  0 

43 

AGI, 

16.5 

y* 

It 

After  spraying 

LVS 

18  8 

74 

AGI, 

2  5 

42 

AGI, 

3.0 

47 

AGI, 

2  5 

47 

11 

During  spraying 

LVS 

7.0 

65 

AGI, 

5  4 

46 

AGI, 

3.0 

52 

AGI, 

2  5 

50 

Avg 

LVS 

in  75 

Wi  8 

AGI 

7  13 

45  0 

T«U  6.  Rer.ivrry  of  roKtackierim  A-JI  from 
norm  ait  by  «r  of  Ibr  largrroimmt  sampirr 


rt  Uhi  of  t  iron  by  ikp  after  ttpoear* 

lint  '  _  - •  -  --  -  --  -  — 

S  4  <  4  J 


21 1 

7:00  am 

*  0 

185 

5 

0 

10:00  fm 

0 

0 

0 

- 

No  positive/ 
no.  tested'' 

1  1  3 

2  3  2  3 

2/3 

215 

7:00  am 
10:00  fm 

*  r> 

0 

0 

75 

<90 

0 

<90 

No.  positive 
no.  tested' 

13  2  > 

i 

3  3  3  3 

3  3 

«  Not  done. 

1  Number  of  volunteers  having  •  irus-positivt 
saliva,  cough,  or  sneeze,  or  all  three.  over  total 
in  the  room 

volunteers.  Thus,  the  convenience  and  pit '.won  of 
the  technique  and  its  resemblance,  at  bast  n  part, 
to  natural  veal  aerosols  indicate  its  pomiial 
utility  for  studies  of  this  kind. 

Virus  was  recovered  from  coughs  and  sies-  es 
by  collection  hi  weather  balloon  The  disadvan¬ 
tages  of  this  procedure  were  that  only  a  rough 
approximation  of  sir  borne  virus  could  be  ob¬ 
tained  and  that  it  was  not  practical  to  measure  the 
size  of  the  airborne  pankfes. 

1  he  part«rb-xire  Studies  were  best  performed  in 
a  rigid,  stainless-steel  chamber.  These  were  ac¬ 
complished  by  a  combined  ua  of  i  cascade 
inspector  and  a  particle-size  analyzer.  The  larger 
partkles  were  not  measured  by  these  procedures, 
because  they  did  not  remain  airborne  long  enough 
and  because  they  ware  present  in  relatively  low 
concentrations. 

The  uk  of  a  large-volume  sampler  to  detect 
virus  aerosols  in  room  air  proved  to  be  useful,  and 
the  presence  of  virus  in  the  environmental  air  of 
infected  subjects  was  demonstrated.  When  these 
studies  were  performed,  the  apparatus  was  used 
essentially  as  it  was  originally  designed.  It  is 
conceivable  that,  with  additional  work  and  modi¬ 
fications,  the  LVS  can  be  used  for  quantitative 
determinations  of  airborne  virus  in  a  natural 
environment  In  this  repud.  it  was  of  interest  to 
And  that  the  greatest  number  of  positive  LVS 
sample*  occurred  in  the  room  with  paiienis  that 
shed  the  larger  amount  of  virus  (3>.  With  due 
regard  to  the  inefficiency  of  present  recovery 
methods,  evidence  given  here  and  from  another 
study  from  this  laboratory  (4)  suggests  that 
infected  persons  may  discharge  sufficient  virus 
into  their  environment  to  account  for  airborne 
transmission  of  this  disease 
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The  AiU  significance  of  these  studies  will  not  be 
rained  uni.l  investigations  of  this  nature  ere 
extended  to  other  respiratory  virus  diseases  By 
ramming  viruses  of  varying  epidemic  potential 
and  comparing  such  factors  c»  infectious  dose, 
clinical  illness,  virus-shedding  patterns,  airborne 
survival,  etc.  on  a  quantitative  basis,  a  better 
knowledge  of  the  underlying  mechanoms  of  air¬ 
borne  transmission  of  virus  will  be  gained  This 
information  will  be  helpful  in  approaches  to 
environmental  control  of  respin  lory  disease 
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Gerone  and  his  associates  have  presented  ob¬ 
servations  on  the  production  of  small  particle 
virus  aerosols  with  a  Coilison  atomizer  in  a 
modified  Henderson  apparatus,  information  on 
the  production  of  vtnsi  aerosols  by  persons  in¬ 
fected  with  oxsackievirus  A  21,  and  data  ac 
quired  by  large  volume  air  sampling  in  the 


environs  of  infected  volunteers  Portions  of  those 
studies  have  been  published  in  greater  detail  else 
where  (I,  2). 

From  these  observations,  certain  inferences  are 
made  as  to  the  significance  of  smalt  pun  Kies  in 
the  transmission  of  naturally  occurring  disease 
due  to  coxsackievirus  A-21,  ns  to  the  suitability  of 
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the  exposure  method  for  the  inoculation  of 
volunteers,  and  as  to  the  usefulness  of  the  large- 
volume  air  sampler  m  demonstrating  virus  in  the 
environment  of  infected  persons. 

The  purposes  of  large  volume  air  sampling  may 
be  twofold.  First,  one  might  theoretically  detect 
airborne  agents  in  one-thousandth  the  concentra¬ 
tion  detectable  by  conventional  samplers.  Second, 
the  larger  volume  sampled  might  give  one  more 
confidence  in  an  estimate  of  concentration  than  in 
that  derived  by  the  smaller  sample  tue  conven¬ 
tionally  obtained.  The  largs- volume  simpler  has 
two  inherent  limitations.  First,  because  of  prob¬ 
lems  of  evaporation  of  collecting  fluid,  only  rela¬ 
tively  short  periods  of  sampling  are  possible. 
Second,  no  est unale  it  possible  of  particle  sire 
distribution  of  the  aerosol  sampled.  The  first 
problem  might  be  solved  by  the  introduction  of 
sterile  distilled  water  at  a  rate  equal  to  the  Ion  by 
evaporation,  thus  maintaining  the  integrity  of  the 
composition  of  the  collecting  fluid.  The  second, 
that  of  particle  vising,  appears  to  be  insoluble  with 
this  equipment. 

The  results  presented  indicate  that  the  device 
has  not  attained  its  theoretical  capability  fas 
meaningfully  quantitate  airborne  virus.  A  100- 
fold  variation  between  estimates  of  the  concen¬ 
tration  of  a  given  aeronol  and  a  20-fold  average 
variation  over  the  concentrations  sampled  reduce 
the  device  in  its  present  state  to  a  qualitative 
ampler  whore  negative  results  would  be  suspect. 

The  presented  results  of  campaiisoo  of  the 
large  volume  ampler  with  the  Fonon  all  glass 
impingcr  raise  mare  questions  than  they  answer. 
Greater  than  10-fold  differences  in  virus  recovery 
versus  tracer  recovery'  are  indicated  for  both 
samplers,  under  conditions  where  tracer  recovery 
was  remarkably  consistent  These  are  not  com¬ 
patible  with  the  stated  accuracy  and  reproduci¬ 
bility  of  the  virus  assay  procedure  (standard 
deviation,  0.23  log mo**  per  ml). 

The  studies  on  sneezes  and  coughs  establish 
two  main  pout  is.  First,  the  particle  sire  distribu¬ 
tions  and  particle  volume  distributions  are 
markedly  unlike  that  of  the  artificially  generated 
aerosol  used  to  infect  volunteers.  Second,  no 
correlation  can  be  made  between  titer  of  oral 
secretions  and  the  amount  of  virus  in  a  sneeze  or 
cough. 

The  suitability  of  any  method  for  the  inocula¬ 
tion  of  volunteers  by  inhalation  can  be  defined  m 
terms  of  predictability  of  Use  dose  to  be  adminis¬ 
tered  and  the  site  of  deposition  desired  for  the 
purpose  of  the  experiment  being  conducted. 

Predicta  bitily  of  the  dose  administered  to  man 
is  influenced  by  stability  of  the  agent  in  the  spray 
suspension  and  in  the  airborne  particulate  gener¬ 


ated.  the  uniformity  of  the  aerosol  generated,  both 
qualitatively  and  quantitatively,  and  by  the  rate, 
manner,  and  volume  of  breathing  of  the  test  sub¬ 
ject.  It  a  also  obviously  dependent  upon  the 
accuracy  of  the  assay  procedures  employed. 

The  lengthy  training  required  to  accustom 
volunteers  to  the  highly  stylized  breathing  cycle  of 
nasal  inhalation  and  oral  exhalation  required  for 
mask  exposures  has  long  been  recognized.  With¬ 
out  this,  marked  variation  in  respiratory  raves  and 
tidal  volumes  will  materially  affect  sites  of  deposi¬ 
tion  of  airborne  particles,  yet  not  be  reflected  in 
the  presented  doae. 

Data  have  been  presented  showing  a  not  un¬ 
reasonable  relationship  between  the  concentra¬ 
tion  of  coxsackievirus  A  21  in  spay  fluids  and  in 
the  aerosol  generated  in  the  device  employed.  The 
inconstancy  of  the  relationship,  as  demonstrated 
by  these  data,  deserves  consideration.  As  ex¬ 
amples,  aerosol  concentrations  of  approximately 
10  tciom  per  liter  were  obtained  with  spray  sus¬ 
pensions  with  concentrations  ranging  from  6.9  x 
10**  to  8.2  X  10“  too*  per  liler,  and  aerosols 
containing  approximately  1,000  mo*  per  liter 
were  obtained  from  suspensions  containing  8.6, 
9.5,  and  10.3  x  10“  tctOw  per  liter.  Conversely, 
from  a  single  spray  fluid  concentration  were 
generated  aerosols  containing  less  than  100  and 
over  1,000  kid*,  per  liter  Thus,  although  the 
relationship,  or  totalled  "spray  factor  "  may  be 
uscfiil  m  generalized  predictions,  it  does  not  have 
the  constancy  and  precision  required  for  indi¬ 
vidual  dose  determination.  Reliance  must  still  be 
placed  upon  afler-the-fect  estimation  of  doses 
presented  by  assessment  of  samples  collected  over 
the  tame  periods  as  the  volunteer  exposures,  from 
sampler*  located  in  immediate  proximity  to  the 
exposure  port  of  the  aerosol -generating  oevice. 

Even  were  the  problems  of  dose  predictability 
resolved,  suitability  of  an  exposure  method  still 
remains  dependent  upon  the  purpose  of  the 
experiment.  If  the  objective  of  a  study  is  to  deter¬ 
mine  whether  or  not  man  may  be  infected  by  an 
airborne  sgmt  in  an  essentially  small-particle 
aerosol,  the  method  employed  by  Gerone  and  his 
associates  is  quite  appropriate.  Similarly,  the 
capacity  of  a  virus  to  initiate  disease  in  the  lungs 
and  tracheobronchial  tree  is  susceptible  to  ex¬ 
amination  by  this  method,  the  artificially  induced 
pneumonia  and  tracheobronchitis  with  strain 
49882  HEK  affirmatively  answers  such  a  question. 
Elucidation  of  the  mechanisms  of  naturally  ac¬ 
quired  coxsackievirus  A  21  infection  and  of  the 
significance  of  particles  of  various  sires  in  natural 
transmission  of  disease  is  an  altogether  different 
matter. 

Naturally  occurring  coxsackievirus  A  21  illness 
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is  an  upper  respiratory  disease.  Experimentally 
produced  upper  respiratory  illness  with  this  virus 
has  been  achieved  by  nasopharyngeal  inoculation 
(3),  by  deposition  of  virus  on  selected  sites  in  the 
upper  respiratory  tract,  and  by  inhalation  of 
large  particle  aerosols  (4),  which  are  primarily 
deposited  in  the  upper  respiratory  tract. 

In  a  series  of  experiments,  Buckland  and  his 
associates  circumvented  the  problem  of  precise 
location  of  deposition  of  airborne  particulates  by 
direct  application  of  coxsackievirus  A-21  to 
specific  locations  in  the  upper  respn  itory  tract. 
Their  findings  showed  the  nasal  mucosa  to  be 
exquisitely  susceptible  tc  infection,  whereas  the 
oropharynx  and  nasopharynx  were  refractory  to 
doses  several  orders  of  magnitude  greater.  In 
subsequent  studies,  volunteers  were  infected  with 
doses  comparable  to  those  directly  instilkd  when 
presented  in  relatively  large  airborne  particles, 
virtually  all  of  which  might  be  expected  to  be 
deposited  on  the  nasal  mucosa.  These  authors 
concluded  that  only  particles  retained  in  the  upper 
respiratory  tract  are  of  significance  in  transmis- 
s*'  of  naturally  occurring  disease. 

.  attributing  production  of  upper  respiratory 
disease  to  *he  small  particles  generated  with  the 
Collison  atomizer,  Gerone  and  his  associates  have 
not  rigorously  excluded  the  contribution  of  that 
portion  of  the  particles  larger  than  2  m,  which 
might  be  expected  to  be  retained  in  the  upper 
respiratory  tract.  From  analysis  of  the  panicle 
size  spectrum  of  the  aerosol,  approximately  one- 
fifteenth  the  dose  presented  might  be  so  retained 
(5).  This  may  well  be  a  significant  quantity  o: 
virus,  of  itself  capable  of  initiating  infection. 

Further  experimenta.ion,  either  by  use  of 
aerosols  whose  upper  respiratory  retention  is 
negligible,  or  by  bypassing  the  upper  respiratory 
tract  via  an  artificial  a.rway,  are  needed  if  this 
matter  is  to  be  definitively  resolved. 

Most  disappointing  to  this  reviewer  is  the  lack 
of  information  nresented  upon  the  airborne  sta¬ 
bility  of  coxsackievirus  A-21  under  varying  condi¬ 
tions  of  relative  numidiiy  and  temperature.  The 
observations  of  Buckland  and  his  associates  indi¬ 


cate  a  biological  decay  rate  of  50%  per  min  for 
virus  in  small  particles  and  roughly  25%  per  min 
in  the  larger  particles,  if  decay  is  linear.  Such 
values  are  compatible  with  droplet  infection.  Far 
greater  airborne  stability  is  required  for  signifi¬ 
cant  airborne  transmission  under  ordinary  condi¬ 
tions.  Valuable  information  could  be  obtained  by 
sequential  examination  of  static  aerosols  with  slit 
samplers  or  impingers. 

In  summary,  the  authors  have  described  an 
aerosol  used  to  induce  infection  in  man.  This 
discussant  believes  that  further,  more  critical  ex¬ 
amination  is  required  to  definitively  establish  the 
significance  of  deep  respiratory  deposition  of 
small  particles  in  production  of  upper  respiratory 
disease,  and  hence  the  appropriateness  of  the 
model  for  the  study  of  naturally  acquired  infec¬ 
tion.  It  is  hoped  that  further  studies  will  clarify 
this.  Similarly,  improvements  in  high-volume 
sampling,  combined  with  knowlege  of  airborne 
stability  of  this  virus,  will  permit  more  critical 
r valuation  of  the  role  of  airborne  dissemination 
in  coxsackievirus  A-21  upper  respiratory  disease. 
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In  Col.  Gochenour’s  cfiscussion  of  our  paper, 
seven*  points  were  >n;.de  with  which  we  are  in 
complete  agreement.  Other  issues  were  raised, 


however,  regarding  which  we  would  like  to  clarify 
the  position  or  the  conclusions  that  have  been 
reached. 
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In  regard  to  the  large  volume  air  sampler 
(LVS),  the  discussant  has  outlined  its  limitations 
as  being  (i)  excessive  evaporative  loss  of  collecting 
fluid,  (it)  inability  to  estimate  particle  sire  distri¬ 
bution,  and  (iii)  its  failure  to  "meaningfully 
quantitate  airborne  virus."  The  loss  of  fluid  by 
evaporation  in  the  LVS  has  not  been  a  serious 
problem.  When  known  concentrations  of  coxsack¬ 
ievirus  A-71  were  added  to  the  collecting  me¬ 
dium  and  circulated  through  the  LVS  for  periods 
three  times  longer  than  the  sampling  periods  de¬ 
scribed  in  the  paper,  no  virus  loss  occurred.  On 
the  contrary,  when  low-concentration  aerosols 
were  sampled,  the  reduced  volume  of  fluid  that 
had  to  be  tested  served  as  an  advantage. 

The  LVS  was  not  designed  to  measure  particle 
sizes  of  the  aerosols  it  samples;  furthermore,  no 
other  equipment  is  available  which  can  analyze 
particle  size  and,  yet,  handle  these  large  volumes 
of  air. 

Under  the  conditions  in  which  the  LVS  was 
tested,  it  was  found  to  be  a  quantitative  sampler. 
The  data  in  the  last  figure  of  the  paper  were 
replotted  (Fig.  la)  to  show  the  relationship  be¬ 
tween  virus  concentration  recovered  and  virus 
concentration  in  the  room  air.  It  is  readily  ap¬ 
parent  not  only  that  a  relationship  does  exist,  but 
that  there  is  a  direct  proportionality  between  the 
amount  of  airborne  virus  in  the  room  and  the 
quantities  recovered  in  the  LVS. 

The  studies  comparing  the  LVS  and  all  glass 
impinger  (AGI;  Table  5)  raised  a  question  in  the 
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Table  la.  Coxsackievirus  ,21  aerosols  used  In 
volunteer  inoculations 
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discussant's  mind  regarding  the  variability  9cen  in 
virus  recoveries  and  the  consistency  demonstrated 
in  the  fluorescein  recoveries.  It  should  be  stated 
that  two  variables  were  present  in  the  virus  deter¬ 
minations  which  were  not  present  in  the  fluores¬ 
cein  assays.  These  are;  (i)  the  biological  inactiva¬ 
tion  of  the  virus  and  Iii)  the  sensitivity  of  the  cell 
cultures  used  in  the  assay  procedure.  The  four 
virus  recovery  values  with  the  LVS  in  actual 
tciDm  ranged  from  4.6  to  5.1  logit,  and  are  con¬ 
sistent  with  the  0.25  logm  standard  deviation  of 
the  assay  procedure.  This  standard  deviation, 
however,  cannot  be  applied  to  the  virus  values  ob¬ 
tained  with  the  AGI,  becau-e  those  end  points 
were  calculated  by  the  Fischer- Yates  dilution 
technique.  Despite  the  limitations  imposed  by  this 
assay  procedure,  the  mean  recovery  in  the  LVS 
and  AGI  were  remarkably  similar. 

The  disc  .c-t  also  questioned  the  predicta¬ 
bility  of  do  .uministered  to  volunteers  with  the 
experimental  aerosols.  We  agree  with  his  enumer¬ 
ation  of  the  factors  which  may  influence  predicta¬ 
bility.  Undue  emphasis,  however,  was  placed  on  a 
few  points  which  strayed  from  the  line  shown  in 
Fig.  1  of  the  manuscript.  The  maximal  deviation 
between  the  predicted  and  actual  determination 
was  1.1  logit,  and  only  3  of  the  27  points  plotted 
on  the  graph  (1  in  9  determinations)  were  more 
than  0.5  log10  from  the  predicted  values.  These 
results  have  been  interpreted  by  the  authors  as 
representing  good  predictability  for  aerosol  inocu¬ 
lations  with  this  virus.  This  can  be  further  sup¬ 
ported  by  actual  figures,  shown  in  Table  la, 
taken  from  the  subsequent  volunteer  experiments. 
Five  of  the  six  predicted  values  were  within  0.35 
logio  from  the  actual  determinations  and  four  of 
these  were  within  0.15  log,0  of  the  anticipated 
concentration. 

The  two  main  points  that  were  established  hy 
the  studies  of  sneezes  and  coughs  were:  (i)  these 
expiratory  events  produce  large  numbers  of  small 
aerosol  particles  capable  of  remaining  airborne 
for  Ion"  periods  of  time,  and  (iii  sufficient  quanti 
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ties  of  coxsackievirus  A-21  are  present  in  these 
particles  to  induce  infection  in  susceptible  sub¬ 
jects.  Additionally,  it  should  be  noted  that  most  of 
the  particles  produced  by  sneezes  and  coughs  are 
in  a  size  range  comparable  to  those  generated  by 
the  CoUiaon  atomizer;  however,  because  of  the 
presence  of  small  numbers  of  large  particles  in 
sneeze*  and  coughs,  the  volume  distributions  of 
the  natural  and  experimental  aerosols  are 
different.  The  distribution  of  virus  according  to 
number  or  volume  of  particles  in  natural  aerosols 
has  not  been  determined.  The  occurrence  of  air¬ 
borne  vims  in  cough  specimens  was  found  to  be 
statistically  related  to  the  quantities  of  virus  in  the 
nasal  and  oral  secretions  (1). 

The  discussant’s  observation  that  the  larger 
particles  in  the  experimental  aerosol  may  have 
initiated  upper  respiratory  infection  and  illness  in 
the  volunteers  may  be  valid,  and  was  recognized 
by  us  in  a  previous  report  (2). 

On  the  basis  of  the  discussant’s  comments 
regarding  types  of  clinical  illness  produced  with 
coxsackievirus  A-21  infections,  additional  clarifi¬ 
cation  of  our  findings  is  necessary.  The  predomi¬ 
nant  clinical  response  produced  by  this  virus  is 
upper  respiratory  illness,  regardless  of  whether 
he  infection  occurs  in  natural  circumstances  or 


follows  experimental  inoculation  by  nasal  instilla¬ 
tion,  large-particle  aerosols,  or  smallportlcle 
aerosols.  With  one  strain  (49889  HEK,),  however, 
lower  respiratory  illness  was  the  predominant  re¬ 
sponse  and  occurred  only  after  small  particle 
aerosol  inoculation.  There  appears  to  be  no  doubt 
that  the  upper  respiratory  passages  are  extremely 
susceptible  to  infection  with  this  virus,  and  we 
agree  that  deposition  at  this  site  may  be  respon¬ 
sible  for  the  consistent  finding  of  upper  respira¬ 
tory  illness  in  natural  and  experimentally  induced 
disease.  Finalty,  us  stated  in  the  previous  paper 
(1),  the  question  of  how  this  virus  is  transmitted 
in  nature  has,  at  the  present  time,  not  been 
answered  in  this  laboratory  or  elsewhere. 
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Introduction 

The  experiments  described  were  designed  to 
provide  information  on  the  infectivity  of  Vene¬ 
zuelan  equine  encephalitis  (VEE)  virus  for  birds 
by  the  lespiratory  route.  Laboratory  studies  by 
Chamberlain  (2)  showed  that  wild  bods,  including 
pigeons,  could  be  infected  with  VEE  virus  by 
mosquito  bite  or  by  subcutaneous  (sc)  injection  of 
virus.  Overt  signs  of  disease  were  absent  in  avian 
hosts,  but  virania  was  produced  for  periods  of  1 
or  2  days,  followed  by  the  appearance  of  specific 
serum-neutralizing  (SN)  antibodies.  The  respira¬ 
tory'  route  of  infection  with  VEE  virus  has  been 
suggested  previously.  In  noting  that  virus  occurs 
in  the  nasopharyngeal  washings  of  infected 
humans,  Olitsky  and  Casals  (10)  recognized  a 
potential  for  epidemics  without  insect  vectors. 
Perhaps  the  most  striking  evidence  of  invasiveness 
of  VEE  virus  by  the  respiratory  route  was  pro¬ 
vided  by  Sle pushkin  (11),  who  reported  on  infec¬ 
tions  in  a  large  group  of  laboratory  personnel 
after  exposure  to  aerosol-  produced  by  breakage 
of  a  vial  of  virus.  The  susceptibility  of  birds  to 
infections  by  the  respiratory  route  had  not  been 
investigated.  However,  the  possibility  that  the 
respiratory  route  was  involved  with  arboviruses 
in  nature  was  suggested  by  Holden  (6)  in  studies 
with  pheasants  and  eastern  equine  encephalitis 
(HEE)  virus.  Other  case*  of  contact  infection 
among  birds  by  EEE  and  western  equine  encepha¬ 
litis  viruses  were  reviewed  by  Bourke  (1). 

Comparative  Susceptibility  of  Fowl  to 
Aerosols  of  VEE  Virus 

The  selection  of  an  avian  host  for  the  subse¬ 
quent  studies  of  response  to  static  aerosols  of  VEE 
virus  was  preceded  by  screening  a  number  of 
species  of  fowl.  Birds  were  exposed  for  I  min  to 
aerosols  of  the  Trinidad  strain  of  VEE  virus.  The 


particle  size  distribution  of  the  clouds  was  charac¬ 
terized  by  a  mass  median  diameter  of  1.S  to  2.5  n 
and  a  slope  of  3.3  probits  per  log  diameter.  Those 
values  indicated  that  about  60%  of  th:  cloud 
mass  was  in  particles  between  1  and  3  g  in  diam¬ 
eter.  After  exposure,  the  birds  were  isolated  by 
dosage  group  in  gas-tight  cabinets  and  bled  daily 
for  viremia  determinations.  Scrum  neutralization 
tests  were  conducted  on  host  sera  collected  before 
exposure  and  21  days  after  exposure. 

Included  in  the  host  range  were  leghorn 
chickens  that  had  previously  been  shown  to  re¬ 
spond  to  an  intravenous  dose  of  <10  mouse 
intracerebral  ldm  (micldw)  units.  However, 
these  birds,  like  ring-necked  pheasants,  hybrid 
chickens,  and  Peking  ducks,  were  resistant  to 
doses  of  2,500  to  10,000  micldm  inhaled.  By 
contrast,  White  Carneau  pigeons  (3)  proved 
susceptible.  A  viremic  and  serological  response 
was  obtained  in  60  to  80%  of  the  birds  tested  at 
an  inhaled  dose  as  low  as  374  mkxo,,  (9),  The 
marked  cut-off  in  response  below  this  level  and 
high  percentage  infected  with  higher  doses  are 
illustrated  in  Table  1 ,  with  data  taken  from  a  num¬ 
ber  of  experiments.  All  aerosol  exposures  were  for 
1  min  only. 

In  general,  viremic  levels  ranged  as  high  as  10* 
micldm  per  ml  of  blood  with  no  obvious  depend¬ 
ence  upon  dose,  once  a  minimal  infective  dose 
was  given.  The  duration  of  viremia  averaged  3 
days,  beginning  on  the  1st  or  2nd  day  after  expo¬ 
sure.  VEE  virus  infections  in  pigeons,  as  in  other 
birds  (2),  did  not  result  in  apparent  illness  or  in 
histopathology.  Such  histopathological  evidence 
of  disease  as  did  appear  was  usually  ascribed  by 
the  pathologists  to  other  causes,  including  agents 
of  pneumonia,  trichomoniasis,  and  bacterial 
meningitis,  but  even  these  were  rare.  During  the 
course  of  these  studies,  no  hypersensitivity  vas 
detected  in  previously  exposed  birds.  Tests  were 
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Tails  1.  Response  of  White  Carneo*  pigeons  to 
respiratory  doses  of  V EE  virus  presented  in 
/  mlrr 
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1  No  of  bird*  [ 
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!  ( positive  tola!) ' 
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no.  of  birds  tested) 
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5/7 
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3/3 
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7/8 

6/7 
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0/6 

76* 
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0/8 

51* 

;  o/s  ! 

0/5 

Controls 

0/24  1 

0/24 

•  Aerosol  conditions:  80* (  relative  humidity 
at  80  F  (26.7  C). 

*  Dote*  estimated  by  extrapolation  from  cloud 
concentration*  at  earlier  cloud  ages. 

conducted  for  delayed  skin  reactions  after  injec¬ 
tion  of  VEE  virus  antigen  into  the  margin  of  the 
eye. 

Almost  without  exception,  the  detection  of 
viremia  in  pigeons  over  a  2-day  period  was 
followed  by  a  significant  rise  in  the  titer  of  SN 
antibodies  ( >1.0  log  increase  in  SN  index).  These 
same  animals  were  resistant  to  respiratory 
challenge  3  weeks  after  the  original  exposure. 
Table  2  illustrates  a  typical  set  of  responses  to  an 
initial  and  to  a  challenge  dose  of  VEE  virus.  Al¬ 
though  not  shown,  control  studies  in  which  non- 
responders  were  later  challenged  indicated  sus¬ 
ceptibility  indistinguishable  from  that  of  normal 
birds. 

Comparison  of  Responses  After  Inhalation 
and  Injection  of  VEE  Virus 

The  objective  of  one  series  of  experiments  was 
to  compare  the  responses  of  pigeons  to  respiratory 
and  subcutaneous  doses  of  VEE  virus  (S).  The 
respiratory  dose  was  1,349  micld»  inhaled;  the 
subcutaneous  dose  was  306  mjclxhs  The  results 
of  the  experiment  are  summarized  in  Table  3. 
Viremic  responses  are  presented  as  a  function  of 
day  after  dosage.  Birds  receiving  virus  by  the. 
respiratory  route  were  not  tested  beyond  day  A 
because  of  previous  data  indicating  that  viremias 
normally  terminated  prior  to  that  time.  No  data 
were  available  to  indicate  the  duration  of  viremia 
after  dosage  by  the  sr  route.  Therefore,  blood 
samples  were  collected  and  assessed  for  VEE  virus 
on  each  of  10  successive  days  after  injection. 

Among  eight  pigeons  receiving  1 ,349  micldw  by 
the  respiratory  route,  approximately  75 r,  ex¬ 


hibited  viremias  that  first  became  evident  in  Wood 
samples  collected  on  the  1st  or  2nd  day  after 
exposure.  In  the  group  injected  with  506  micldh 
sc,  viremias  occurred  in  all  eight  birds,  and  virus 
was  uniformly  found  in  the  blood  on  the  1st  day 
after  injection.  However,  the  more  rapid  response 
of  the  injected  birds  was  not  obtained  with  a 
smaller  dose.  At  a  dose  of  about  5  mktdm,  by  the 
sc  route,  only  50 r,  were  found  to  be  viremic,  and 
this  condition  first  occu.red  front  1  to  2  days  after 
injection.  Thus,  as  the  minimal  infective  dose  was 
approached  by  each  route,  the  characteristics  of 
viremias  were  indistinguishable. 

The  similarity  of  the  serological  responses  after 
infection  by  each  route  is  illustrated  in  Fig.  1. 
Apparently,  once  an  infection  was  established,  the 
rate  and  extent  of  appearance  of  SN  antibodies 
was  independent  of  the  route  by  which  the  virus 
entered. 

An  additional  criterion  for  the  comparison  of 
responses  by  each  route  of  infection  was  the 
detection  of  virus  in  the  cloaca  and  in  the  oral 
cavity.  These  tests  were  considered  to  be  qualita¬ 
tive  only  because  of  the  frequent  occurrence  of 
low  titers  that  could  not  be  reliably  confirmed. 
However,  with  both  the  sc  and  respiratory  groups, 
it  was  possible  during  the  period  of  viremia  to 
isolate  and  confirm  the  presence  of  VEE  virus  in 
the  oral  cavity,  but  not  in  the  cloaca.  Subsequent 
attempts  to  isolate  virus  on  days  42,  43,  80,  and 
81  after  infection  was  initiated  were  unsuccessful. 
These  results  add  to  the  concept  of  a  subclinical, 
but  immunizing,  type  of  infection. 

Bird-to-Bird  Transmission  of  Virus 

It  appeared  logical  to  investigate  cross-infec¬ 
tions  between  birds,  because  both  the  data  on 
respiratory  susceptibility  and  the  demonstration 
of  virus  in  the  oral  cavity  suggested  the  possibility 
of  contact  infections. 

A  device  was  fabricated  to  provide  passage  of 
air  from  vire  .tic  birds  to  normal  animals  (8).  Two 
boxes  of  about  3-ft*  capacity  were  interconnected 
by  a  3-inch  duct  through  which  air  flowed  at  about 
12  liters  per  min.  To  insure  that  arthropods  would 
not  pass  from  infected  birds  in  one  box  to  normal 
birds  in  a  second,  a  60-mesh  screen  was  placed  in 
the  duct. 

Six  birds  were  infected  by  head  exposure  to 
static  aerosols  of  VEE  virus.  These  animals  were 
placed  in  one  box,  and  six  normal  birds  were 
placed  in  the  second.  The  birds  remained  in  the 
enclosures  for  3  weeks,  except  for  short  periods 
during  the  first  10  days  when  blood  samples  were 
collected  daily.  One  of  six  normal  birds  developed 
specific  viremia  on  days  V  and  10  of  the  10-day 
test  period.  Considering  that  viremia  and  oral 
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Table  3  Response  of  pigeons  to  respiratory  and 
subcutaneous  doses  of  VEE  tins 
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4 
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28 

5 

No  data 

1,7  1/7 

7-10 

No  data 

0/7 

•  The  respiratory  (roup  inhaled  I  ,34U  micldh 
in  1  min. 

1  The  injected  group  received  506  miclDw 
subcutaneously . 

virus  were  epperent  among  exposed  birds,  the 
potential  of  cross-infection  among  pigeons  ap¬ 
peared  to  be  low.  It  might  be  noted  that  additional 
opportunities  to  detect  cross-infections  were 
afforded  by  placing  normal  animals  in  holding 
cabinets  with  viremic  hosts.  All  such  tests  were 
negative. 

Enact  or  Exfosuhe  Time  on  Response  to 
Infection 

One  possible  explanation  for  the  lack  of  cross¬ 
infections  was  an  effect  of  exposure  time,  i.c.,  that 
dose-response  data  from  a  1  -  min  exposure  could 
not  be  extrapolated  for  the  interpretation  of 
effects  when  the  same  doses  were  given  over 
extended  periods  of  time.  One  might  assume  in 
this  case  that  the  passage  of  virus  through  the 
duct  mechanism  would  not  be  in  numbers  equal 
to  the  minimal  infective  dose  per  minute  that  was 
noted  in  controlled  aerosol  trials.  If,  then,  one 
were  to  postulate  that  infection  does  not  occur 
unless  a  specific  rare  of  exposure  is  achieved, 
regardless  of  the  total  dose  presented,  the  lack  of 
cross-infections  could  be  explained.  A  system  was 
developed  (8)  to  permit  exposure  of  a  group  of 
pigeons  to  aerosols  at  a  dose  rate  less  than  the 
minimal  infective  dose  per  minute.  With  pro¬ 
longed  exposure,  however,  a  total  dose  far  in 
excess  of  the  minimal  infective  dose  could  be 
inhaled.  The  scheme  employed  is  illustrated  in 
Fig.  2.  After  dissemination  of  virus,  the  aerosol 
chamber  was  mechanically  purged  for  a  period  of 
20  min.  The  remaining  aerosol  was  then  assessed, 
and  subsequently  was  allowed  to  undergo  biologi¬ 
cal  decay  until  the  concentration  approached  the 
minimal  level  for  estimation  of  viral  content.  At 
this  time,  the  aerosol  was  again  sampled  for  esti 


•nation  of  vital  concentration.  Further  cloud 
aging  occurred  to  the  extent  necessary  to  yield 
desired  doses.  The  level  of  infective  virus  during 
exposures  was  estimated  by  extrapolation  from 
the  line  established  by  the  two  a  Mays.  Justifica¬ 
tion  for  the  procedure  was  given  by  earlier  work 
which  indicated  that  biological  decay  was  linear, 
and  esptratory  infectivity  of  VEE  virus,  for 
guinea  pigs,  was  consistent  over  the  cloud  ages  of 
interest  to  this  study. 

The  results  of  five  experiments  in  which  birds 
were  exposed  to  aerosols  for  extended  periods  of 
time  are  presented  in  Table  4.  Periods  of  exposure, 
total  inhaled  doses,  and  doses  in  the  first  minute 
of  exposure  were  varied.  In  four  of  five  experi¬ 
ments,  birds  were  given  total  doses  over  periods 
of  25  to  180  min  that  far  exceeded  the  infective 
doses  discussed  previously  for  1-min  exposures. 
In  only  one  experiment  did  pigeons  generally 
respond  with  vurmia  and  production  of  SN  anti¬ 
bodies.  In  that  test,  6,037  mkxdm  were  inhaled 
over  60  min,  but,  more  important,  the  dose  in  the 
1st  min  of  exposure  was  304  mkxi>„  inhaled.  This 
value  was  within  the  minimal  infective  dose  range 
established  in  1-min  exposure  trials.  Note  that  in 
the  test  where  the  1st  min  dose  was  124  mk.l»m 
inhaled,  about  three  times  the  minimal  infective 
dose  was  accumulated  in  the  first  3  min  of  expo¬ 
sure.  By  the  end  of  60  min  in  that  trial,  10  to  20 
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Fic.  I.  Results  of  neutralization  tests  against 
Venezuelan  equine  encephalitis  virus  by  seru  collected 
from  White  Cirneuu  pigeons  at  various  / nrriods  after 
injection.  Symbols;  O  —  birds  developed  viremia  after 
respiratory  dosage;  A  "  birth  did  not  develop  viremia 
after  respiratory  dosage;  □  -  birds  developed  viremia 
after  dosage  by  the  subcutaneous  route;  •  -  birds 
served  as  environmental  controls  and  were  not  viremic 
The  open  square  and  cinte  to  the  left  of  the  vertical 
axis  should  he  read  as  being  superimposed  on  the  tri¬ 
angle  on  that  axis 


Vex  30,  1966 


AIRBORNE  VENEZUELAN  EQUINE  ENCEPHALITIS  VIRUS 


593 


time*  the  minimal  infective  date  had  been  ac 
cumulated,  and  yet  vircmias  and  SN  antibodies 
did  not  occur.  It  thus  appeared  from  these  data 
that  infection  was  dependant  upon  rate  of  expo¬ 
sure  and  not  total  dote. 

It  was  of  internal  to  test  pigeons  for  ejects  of 
extendad  exposure  in  terms  of  response  to  subse¬ 
quent  challenge.  Accordingly,  the  dose-response 
curve  was  ne -estimated  by  exposure  of  birds  that 
had  not  shown  viremia  or  neutralizing  antibody 
formation  after  exposure  to  a  total  dose  of  2,9)4 
miclDm  inhaled  over  a  60-min  period.  The  results 
indicated  that  the  previous  experience  with  virus 
had  no  detectable  influence  on  the  subsequent 
disease  response  to  infective  doses.  Birds  were 
vtremk  after  an  inhaled  dose  of  589  mclqm  and, 
as  expected,  failed  to  respond  to  19  mkuv 

Effect  of  Antimicxubiai.  Dauos  on 
SuacxntMUTY 

It  is  of  interest,  both  eptdemioiogically  and 
academically,  to  detect  mechanisms  that  alter  the 
normal  dose-response  relationship  of  virus  and 


Fro  2  Aerosol  concenlrulion  of  Venezuelan  tguine 
encephalitis  virus  us  a  function  of  age  Concentrations 
arc  in  touts  of  Joses  per  minute  foe  White  Carntau 
pigeons  expressed  as  MICLDu  units.  The  open  circles 
indicate  aerosol  concentrations  estimated  by  sampling. 
The  solid  lute  indicates  the  periods  of  natural  cloud  total 
decay ;  the  dotted  line  indicates  a  period  of  mechanical 
purging.  The  hatched  urea  i/l’istrutes  the  dosage  inhaled 
h\  pigeons  during  a  60-min  exposure.  Bands  above  and 
brio*  the  open  circles  indicate  9S'",  confidence  limits 


TaIi  i  4.  Responses  of  White  Carntau  pigeons  to 
respiratory  doses  of  VEE  virus  presented  over 
extended  perimlr 
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host.  More  specifically,  it  was  of  interest  to  detect 
factors  which  altered  the  rate  process  indicated 
above.  Such  e  mechanism  urns  suspected  when  a 
group  of  birds  responded  with  vuemia  and  forma¬ 
tion  of  neutralizing  antibodies  to  what  appeared 
to  be  an  abnormally  low  doae.  This  group  had 
been  given  a  supplement  of  Com-temmycin 
(oxytetmcycline  with  glucosamine  and  vitamins; 
Chas.  Pfizer  and  Co  ,  Inc.,  New  York,  N.Y.)  and 
HepZide  (nhhiazide;  Merck  and  Co.,  Inc., 
Rahway,  NJ.)  in  the  feed  for  2  weeks  prior  to  the 
test.  To  test  for  a  possible  relationship  between 
the  drugs  and  susceptibility  to  VEE  virus,  15 
birds  were  held  far  2  weeks  without  supplement, 
10  birds  received  Coss -terra  mycin  in  the  drinking 
;watcr  it  a  dosage  of  400  mg  per  gal  of  miter,  and 
5  birds  received  Cosa-terramycin  plus  HepZide  at 
a  dotage  of  800  mg  per  gal  for  2  weeks.  All  birds 
were  then  exposed  to  a  total  in  hated  doae  of  2,934 
mkxdu  units  over  a  60-min  period.  The  highest 
dose  per  min  was  22  mku>h  units  inhaled,  or 
about  one-tenth  the  usual  infective  dore.  Of  the 
untreated  birds,  13r;  developed  viremia  and 
neutralizing  antibodies,  40ri  of  the  Coaa-terra- 
mycin  traated  birds  responded,  and  60%  of  the 
birds  receiving  Cosa-terramycin  phis  HepZide  re¬ 
sponded.  The  results  of  a  second  test  in  which 
oxytetncyclme  alone  was  included  in  the  drinking 
water  (200  mg  per  gal)  of  birds  for  2  weeks  prior 
to  exposure  to  VEE  virus  aerosols  gate  different 
results.  There  was  no  viremic  response  among 
eight  birds  to  total  doses  of  foS  xocldm  inhaled 
over  60  min  with  Ist-min  doses  of  27  miclDm 
inhaled.  In  this  case,  susceptibility  was  not  in¬ 
creased  by  antibiotic  treatment.  It  is  possible  U«t 
the  effects  noted  here  are  complex  and  will  re¬ 
quire  extensive  investigation  for  a  full  definition. 

Conclusions  and  Discussion 

The  principal  findings  of  these  studies  may  be 
summarized  as  follows 
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j  (i)  VEE  vims  can  infect  avian  hoati  through  the 

j  lower  respiratory  tract,  although  marked  species 

I  difference*  occur  The  minimal  infective  dooc  for 

j  White  Carneau  pigeon*  was  between  135  and  374 

miclom  unit*  inhaled  in  not  more  than  a  1  -min 
pwiod.  Infection  am*  characterised  by  vireraie 
over  a  2*  to  3-day  period,  viru»  in  the  oral 
cavity  during  the  viremic  period,  and  production 
of  neutralising  and  protective  antibodies.  Far 
higher  concentration*  of  virus  were  usually 
tolerated  without  viremic  or  sefotogkat  response 
if  inhaled  at  a  rate  lees  than  374  mkldm  per  min. 
The  hill  potential  of  this  resistance  mechanism  in 
terms  of  duration  of  effectiveness  is  not  known. 
This  phenomenon,  however,  is  possibly  involved 
in  natural  resistance  to  cross-infections  between 
birds.  Further,  the  possible  implication  of  the  rate 
process  for  successful  aerogenic  immuniation 
should  not  be  overlooked. 

(ii)  Treatment  of  pigeons  with  Cosa-temmyctn 
and  HepZide,  or  Cosa-tenramycin  alone  for  2 
weeks  prior  to  exposure  to  viral  aerosols  altered  a 
normal  resistance  mechanism  associated  with 
respiratory  challenge.  With  such  treatment,  birds 
became  susceptible  to  a  dosage  rate  I  log  tower 
than  that  normally  seen. 

(iii)  Subcutaneous  injection  of  5  micu>m  of 
virus  into  pigeons  resulted  in  infections  which 
could  not  be  distinguished  from  those  which 
followed  respiratory  exposure  to  374  mkxdm 
inhaled.  Comparisons  were  based  on  level  and 
duration  of  viremia,  level  and  duration  of  neu¬ 
tralizing  antibodies,  and  occurrence  of  virus  in 
the  oral  cavity.  In  view  of  the  similarity  of  re¬ 
sponses,  it  is  reasonable  to  assume  that  the  sites  of 
infection  were  the  same  regardless  of  route.  Thus, 
the  difference  in  minimal  infective  doses  was  not  a 
function  of  requirements  of  the  infection  sites, 
but.  rather,  a  function  of  factors  which  inhibit 
arrival  at  such  sites. 

A  fraction  of  the  difference  was  due  to  incom¬ 
plete  retention  in  the  respiratory  system.  On  the 
basis  of  data  presented  by  Hatch  and  Cross  (5) 
for  mammals,  the  particle  size  range  employed  in 
these  studies  would  yield  retention  of  25  to  50‘ , 
of  inhaled  particles  in  the  lower  respiratory  sys¬ 
tem  or  about  100  to  200  micldm-  The  precise 
amount  of  inhaled  dose  which  was  retained,  how 
ever,  is  not  known.  Hatch  and  Gross  point  out  a 
number  of  factors  that  affect  retention  of  aerosol 
particles,  including  tidal  volume,  breathing  fre¬ 
quency,  particle  size,  and  species  of  host.  These 
variables  have  been  contro'led  u>  the  maximal 
extent  in  our  aerosol  studies  to  permit  valid, 
though  relative,  estimates  of  treatment  relation¬ 
ships  The  precise  effects  of  each  factor  on  men 
lion  in  pigeons  are  not  known,  however,  and  thus 


comparisons  of  responxs  bv  route  have  limita¬ 
tions. 

A  component  of  the  remaining  difference  in 
effective  doses  by  the  two  routes  would  appear  to 
be  nonspecific  resistance  associated  with  the 
respiratory  system.  Resistance  of  the  pigeon 
against  VEE  virus  by  the  respiratory  route  was 
considered  from  the  standpoint  of  virus-induced 
and  host-induced  mechanisms.  In  the  case  of  the 
farmer,  tuiointerfcrence  was  a  distinct  possibility 
bees  uk  of  the  test  procedures.  Where  graded 
doses,  as  in  dose-response  studies  or  in  extended 
exposure  time  trials,  are  achieved  by  cloud  aging, 
the  aerosols  will  contain  increasing  proportions 
of  dead  virus.  Thus,  effects  of  decreasing  dosages 
which  might  be  ascribed  to  the  host  could  be  due 
to  interference,  because  the  percentage  of  inactive 
virus  increases  with  decreasing  amounts  of  active 
virus.  This  was  not  a  problem,  however,  as  shown 
by  a  study  in  which  birds  were  given  a  large  dose 
of  inactive  virus  in  aerosol  form.  Following  this 
procedure,  1  -min  exposures  were  made  to  viral 
aerosols  at  two  concentrations  for  dose-response 
estimation.  The  birds  responded  to  513  but  not  to 
19  miclom  inhaled,  suggesting  that  inactive  virus 
was  ineffective  in  preventing  infection. 

The  host-associated  mechanisms  of  nonspecific 
resistance  are  not  known,  but  might  include 
phagocytosis,  antiviral  substances  present  in  the 
lower  respiratory  tract  (4),  or  physical  removal  by 
the  proteinaceous  fluid  film  of  the  alveolar  mem¬ 
brane  and  the  mucous  blanket  which  begins  in 
the  respiratory  bronchioles  (5).  Whatever  the 
system,  it  must  he  compatible  with  the  rapid  rate 
of  viral  inhibition  indicated  in  these  experiments. 

The  mechanism  associated  with  the  reduction 
of  the  nonspecific  resistance  rate  by  drugs  is  also 
not  clear.  One  may  postulate  direct  antagonism  of 
the  drugs  towards  a  protective  substance  or 
mechanism,  or  a  withdrawal  of  a  substance  or 
mechanism  due  to  the  presence  of  effective 
drugs.  One  interesting  possibility  is  that  the  anti¬ 
biotic  may  eliminate  gram-negative  endotoxin 
producers  of  the  intestinal  tract  According  to 
Ho  (7)  and  Stinebring  and  Youngncr  (12),  endo¬ 
toxins  induce  tlse  formation  of  intrrfcron  or  cause 
the  release  of  preformed  interferon  in  rabbits  and 
mice,  and  thus  may  indirectly  affect  general  resist¬ 
ance  of  the  host  to  viruses.  A  similar  and  additive 
effect  could  he  attributed  to  nithiazide  in  those 
birds  in  which  trichomonads  existed  and  possibly 
stimulated  nonspecific  viral  inhibitors.  In  brief, 
the  drugs  employed  may  have  eliminated  orga 
nisms  or  their  products  which  induced  or  re¬ 
leased  active  interferon  This  proposal  is  purely 
speculative,  however,  and  must  be  examined 
experimentally. 
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Dr.  Miller  has  presented  some  intriguing  ob¬ 
servations  on  the  response  of  white  Cameau 
pigeons  to  airborne  Venezuelan  equine  enceph¬ 
alitis  (VEE)  virus. 

Infection  by  subcutaneous  and  by  respiratory 
inoculation  was  benign.  Not  surprising  are  the 
relatively  brief  viremias,  prompt  antibody  re¬ 
sponses,  and  resistance  to  reinfection. 

Despite  demonstration  of  virus  in  the  oral 
cavity  of  infected  birds,  airborne  bird  to-bird 
transmission  was  demonstrated  to  be  a  rare  oc¬ 
currence,  perhaps  best  explained  by  the  size  of  the 
minimal  airborne  infecting  dose  and  the  poor 
aerosol- generating  capacity  of  the  bird  itself. 

The  response  or  the  pigeons  to  graded  acute 
doses  of  airborne  VEE  is  quite  unlike  that  of 
mammals  exposed  to  the  virulent  virus.  It  does 
resemble,  in  some  respects,  the  responses  of  mice 
and  of  monkeys  to  airborne  attenuated  VEE  (1). 
Jn  rhesus  monkeys,  an  abrupt  threshold  of  infec¬ 
tion  is  manifest  at  approximately  1,000  guinea 
pig  intra  peritoneal  50r,  infectious  doses 
(ciPtptDto),  with  no  infections  occurring  below 
this  point,  and  consistent  infection  above  this 
level.  This,  to  a  degree,  is  comparable  to  the 
abrupt  cutoff  in  the  pigeons  at  a  level  of  approxi¬ 


mately  374  micldm  On  the  other  hand,  the  con¬ 
tinuing  partial  response  in  groups  of  birds  at 
doaes  ranging  up  to  10  times  this  dote  it  re¬ 
markably  similar  to  the  partial  response  of  mice 
over  a  2  log  range  of  exposure  to  the  attenuated 
virus. 

To  me,  the  most  intriguing  observations  re¬ 
ported  are  the  resistance  of  the  pigeons  to  infec¬ 
tions  when  exposed  to  large  doses  of  '  irus  pre¬ 
sented  at  rates  less  than  one  idm  per  minute.  No 
parallel  in  mammals  is  known  to  the  author.  In¬ 
deed,  in  mice  exposed  to  virulent  VEE  at  the  rate 
of  20  uicu>»  per  minute  (2),  the  respiratory  ld* 
was  27  mk  -Om  presented,  a  value  in  consonance 
with  those  obtained  in  short  exposure  times. 

Additional  data  obtained  by  Miller,  but  not 
presented  in  his  paper,  substantiate  the  validity 
of  extrapolation  of  the  linear  decay  of  VEE  in  the 
system  used  It  does  not  appear  reasonable  to 
challenge  the  validity  of  the  dose  estimation  in 
these  studies. 

A  slightly  different  type  of  experiment  might 
eliminate  some  factors  inherent  in  the  studies 
described  The  role  of  decaying,  as  against  dead, 
virus  might  be  eliminated  from  consideration  if 
the  doses  were  presented  at  the  same  rates  with  a 
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dynamic  cloud  by  use  of  a  modified  Henderson 
apparatus,  as  wi  done  in  the  mouse  experiment 
chad.  Further,  such  a  system  would  permit 
larper  volumes  of  air  to  be  sampled  and.  hence, 
direct  md  (ration  of  the  dose  presented  rather  than 
extrapolation. 

It  is  tollable  to  extend  these  studies  of  the 
significance  of  dose  rate  to  other  hosts  and  to 
other  airborne  infections  wherein  the  minimal 
acute  nepirntory  doee  is  a  value  krper  than  10 
orpanisms  presented  Miller  has  added  yet 
aimehar  variable,  dote  rate,  to  be  entered  into 


the  complex  equation  describing  host  spent  in¬ 
teraction  in  airborne  infection. 
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Most  information  currently  uvrilablc  on  the 
behavior  of  airborne  cells  has  beet:  collected  by 
investigators  studying  aerosols  held  in  suite  en¬ 
vironments  Wells  and  Riley  (IS),  for  example, 
showed  that  survival  of  hactcria  was  markedly 
influenced  by  humidiiy  and  temperature,  and  that 
the  effects  varied  between  bee  total  ipeciet.  Death 
of  airborne  bacteria  has  been  observed  to  increase 
with  a  rite  in  humidity  (2, 17),  hut  contrary  find¬ 
ings  have  also  been  reported  (6,  16).  Maximal 
death  rates  were  found  between  SO  and  6Q<;;  rela¬ 
tive  humidity  (RH),  and  death  has  been  reported 
iu  occur  st  more  than  one  rate  (3) .  There  are  more 
iccent  reports  of  multiple -stage  death  rates  (12, 
13, 14). 

Few  reports  have  been  published,  however, 
describing  possible  experimental  techniques  for 
subjecting  microorganisms  in  air  to  shifts  in  RH, 
although  it  is  well  understood  that  such  shifts  do 
occur  in  natural  airborne  environments.  Brown 
(1)  regulated  moisture  in  sutic  chambers  with 
»lt  solutions  and  sprayed  water  to  produce  in¬ 
termediate  changes.  Hemmes  (9)  reported  similar 
experiments  with  shifts  in  RH  produced  by  spray¬ 
ing  water  into  the  aeroaol  chamber  One  may  also 
effectively  produce  limited  rehydrauon  of  air¬ 
borne  panicles  by  permitting  the  incoming  air  of 
the  atomuet  to  be  at  a  higher  humidity  level  than 
that  of  the  final  humidity  condition  (12).  The 
principle  of  the  adiabatic  expansion  of  a  gas  has 
been  used  successfully  by  Druett  (personal  com¬ 
munication),  who  found  that  a  rapid  decrease  in 
viability  occurred  if  the  expansion  raised  the 
humidity  sufficiently  to  cause  moisture  condensa¬ 
tion  onto  the  particles  No  effect  was  observed  at 
low  relative  humidities  Other  unreported  experi¬ 
ments  have  apparently  been  performed,  as  dis¬ 
cussed  by  Wolfe  (cued  in  8 1 ,  wherein  pressure 
changes  were  produced  within  an  aerosol  clum¬ 


ber.  A  change  ui  tempera  lure  would  effect  a 
change  in  RH,  although  the  task  of  ascribing 
noted  biological  effects  to  humidity  alone  would 
be  difficult. 

Our  purpose  in  studying  the  effects  of  sudden 
shifts  in  RH  on  airborne  bacteria  already  equi¬ 
librated  to  one  humidity  condition  was  twofold: 
first,  we  were  interested  in  applying  laboratory 
findings  to  natural  environments  where  tempera¬ 
ture  and  humidity  are  constantly  changing;  and 
second,  we  were  interested  in  possible  death 
mechanisms— noting  effects  of  shifts  on  subse¬ 
quent  biological  behavior  might  furnish  us  with 
additional  clues  to  such  mechanisms.  It  is  the 
purpose  at  this  paper  to  report  our  findings  and 
to  discuss  some  of  the  implications  of  our  results. 


Wc  achieved  an  abrupt  shift  of  humidity  in  an 
air  stream  by  kiting  it  with  a  second  air  stream 
at  a  different  humidity;  air  temperature  was  held 
constant  at  21  C.  Oriy  ■  brief  description  of  the 
equipment  and  methodology  will  be  made,  since 
details  have  been  previously  repotted  (8).  A  45  ft 
(13.7-meter)  duct,  6  inches  (IS  2  cm)  in  diameter, 
was  inserted  2  ft  (61  cm)  into  another  45-ft  duct, 
8  inches  (20.3  cm)  in  diameter  Each  duct  was 
equipped  with  numerous  sampling  pons.  The 
point  of  juncture,  where  mixing  of  two  sir  streams 
occutred,  was  called  the  confluence  point  Linear 
air  flow  through  both  ducts  was  equal,  the  transit 
time  per  duct  was  about  3.7  min;  total  aerosol 
time  was  about  1 1 .3  min.  The  calculated  dilution 
of  the  primary  air  stream  at  the  confluence  point 
was  0  *»,  or  approximately  30*^  Humidity  could 
either  he  increased  or  decreased  b>  the  dilution 
etfect  Figures  1  and  2  illustrate  tin  apparatus 
Bacteria  were  sprayed  into  the  primary  air 
stream  Concentration  of  paniculate  matter  was 
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Fit.  2  l Attend  view  of  the  dynamic  aerosol  transport  apparatus  and  ancillary  equipment  PC',  primary  aerosol 
chamber:  /)(’.  Jiluttd  acrosttl  chamber ;  SP,  sampling  port;  CP,  control  panel,  LA,  liyht  scatter  apparatus 
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measured  by  forward  angle  light  scatter,  and 
biological  assay  was  made  on  samples  collected 
either  by  lit  samplers  or  impingerv  Unless  noted 
otherwise,  we  cooled  21.5  hr  cultures  to  4  C  and 
then  sprayed  them  from  a  refluxing  atomizer, 
wherein  the  temperature  usually  increased  to  1 5  C. 

Figure  3  shows  a  hypothetical  example,  typical 
of  observed  results,  for  the  purpose  of  delining 
parameters.  The  physical  decay  always  followed 
first  order  kinetics.  The  measured  concentration 
of  particles  in  the  primary  air  stream  immediately 
before  dilution,  compared  with  that  in  the  second¬ 
ary  stream  immediately  alter  dilution  (i.e.,  the 
apparent  dilution  ratio,  ADR),  was  usually 
slightly  higher  than  0.56;  sections  A  and  B  of 
Table  I  list  some  observed  mean  ADR  values. 
Analysis  of  variance  of  three  sets,  20  runs  for  each 
condition  of  shift-up,  shift-down,  or  no  shift,  and 
disregarding  other  variables,  indicated  a  95% 
confidence  interval  of  ±0.01  for  all  sets;  differ¬ 
ences  between  these  three  sets  exceeded  the  0.1  % 
level  of  significance  These  data  were  interpreted 
as  indicating  that  the  particles  either  increased  or 
decreased  in  volume  as  a  function  of  shift  in  RH 
For  example,  if  particles  decrease  in  size,  they 
scatter  less  light;  therefore,  the  apparent  dilution 
seems  to  increase  and  the  ADR  becomes  smaller 
than  without  a  shift  in  RH,  and  vice  vena. 

Since  physical  decay  in  the  duct  system  was 
small  and  consistent,  we  refer  to  the  sum  of  physi¬ 
cal  and  biological  loss  as  biological  decay.  The 
latter  was  always  greater  than  physical  decay 
and,  in  the  primary  air  stream,  usually  followed 
first-order  “tailing’’  somet'"TCS  OCC'—  ,* 

after  a  humidity  -  but  for  comparative  pur¬ 
poses  we  assumed  first  order  kinetics  in  all  in¬ 
stances.  Usually  the  biological  loss,  or  biological 
dilution  ratio  (BDR),  as  a  result  of  dilution  at  the 
confluence  point,  corresponded  to  the  ADR  (Fig. 
3);  important  exceptions  are  noted  below.  Bio¬ 
logical  loss  observed  under  the  final  conditions, 
as  compared  with  loss  under  the  initial  condition, 
was  defined  as  the  dynamic-humidity  death 
(DHD)  ratio  (Fig.  3).  ir  no  change  occurred,  the 
theoretical  ratio  was  1.00;  less  than  this  number 
indicated  enhanced  death,  and  a  number  larger 
than  1.00  indicated  that  death  process  had  de¬ 
creased  as  a  result  of  the  shift.  The  mean  DHD  of 
21  aerosols  subjected  to  no  shift  in  RH  was  1.04 
with  a  95' i  confidence  interval  of  ±0.05.  We  as¬ 
sume  Horn  this  that  DHDratios  greater  than  1.10 
or  less  than  0.90  are  significant. 

Serratia  marcetcens  grown  in,  and  sprayed 
from,  dilute  Trypticase  Soy  Broth  (BBL)  evinced 
an  increased  death  rate  (sorbed  death,  II)  when 
the  RH  was  shifted  from  low  to  high  values,  but 
this  effect  was  decreased  if  cells  were  sprayed 


FlC.  3.  Theorelk-al  behavior  of  bacteria  aerosolized 
in  the  Dual  Aerosol  Transport  Apparatus.  There  are  two 
distinct  intervals  of  both  biological  and  physical  loss, 
and  there  is  loss  caused  by  dilution  The  theoretical  di¬ 
lution  ratio,  based  on  the  geometry  of  the  system,  is  0.56. 
The  apparent  dilution  ratio  {ADR),  measured  by  light- 
scalier,  at is  approximately  0  59.  A  shift  up  In  humidity 
increased  the  ADR,  whereas  ~  ',/»«  dec  reased  it. 

ij  ’to  Oialogkal  lass  occ  mired  ’  d-r  .  im/tuence  point, 
then  the  biological  dilution  ratio  (BDR)  was  ap/roxi- 
mutely  equal  to  the  A  DR.  We  have  frequently  observed 
the  BDR  to  be  as  much  as  10  limes  the  ADR.  The  initial 
biological  loss  divided  by  the  final  biological  loss  has 
hem  defined  as  the  dynamic-humidity-death  (DHD) 
ruth.  In  the  upper  example,  with  no  change  in  humidity, 
the  DHD  ratio  is  approximately  1.00.  In  the  lower, 
hypothetical  example,  where  the  change  in  humidity  Is 
unspecified,  the  DHD  ratio  shown  is  0.77,  indicating 
that  the  change  was  detrimental  to  survived.  We  have 
occasionally  observed  DHD  ratios  greater  than  1.00. 

from  a  temperature-controlled,  nonrefluxing 
(TCNR)  atomizer  at  4  C  (section  A,  Table  1). 

No  sorbed  death  was  noted  (section  B,  Table 
1)  when  S.  marcescens  was  grown  and  sprayed 
in  a  chemically  defined  medium  (3).  Initially, 
there  appeared  to  be  a  “toxic"  effect  of  dilute 
Trypticase  Soy  Brolb,  because  the  DHD  ratio 
was  low  (section  C,  Table  1)  when  cells  were 
grown  in  chemically  defined  medium  and  resus¬ 
pended  in  dilute  Trypticase  Soy  Broth  medium. 
It  is  of  interest  to  note,  however,  that  sorbed 
death  was  eliminated  at  humidity  values  above 
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Table  1.  Summary  of  resulu  obtained  when  airborne  bacteria  were  subjected  to  shijts  in  relative  humidity 


Peftihrnt  t7*t  condition*4 


I  Prr  rf«t 
rrUiu  r  humitltly 

tontiilmn*  APR  «' j  I >1 1 1 » 

HltR*  ratio* 

Initial  Kin*) 


Serralla  marcescrns 


(A)  Grown  and  sprayed  in  dilute  Trypticase  Soy  Broth  i 

24 

51 

ADR  0  61 

0.71 

(DTS)  1 

JO 

50 

ADR  0  59 

0.97 

j 

24 

47' 

0  89 

1 

1 

VO 

57 

ADR  0  48 

1.10 

lB)  Grown  and  sprayed  in  chemically  defined  medium 

27 

37 

ADR  0.60 

1 . 10 

(CDM) 

51 

51 

ADR  0.57 

1  08 

93 

72 

,  ADR  0.52 

1  10 

(C)  Grown  in  CDM,  resuspended  and  sprayed  in  DTS 

22 

54 

0.62 

59 

72 

1  00 

24 

55- 

1.00 

Atomizer  fluid  at  21  C 

2V 

53 

—  *  • 

Atomizer  at  21  C  with  1  mg /ml  of  chloramphen¬ 

:  25* 

53 

0.91 

icol 

j 

(D)  Grown  in  DTS,  resuspended  and  sprayed  in  CDM 

25 

1 

52 

0.90 

(E)  Grown  in  CDM  and  stored  at  4  C  for  noted  times. 

1 

then  resuspended  in  DTS  at  4  C  for  30  min  and 

i 

sprayed 

Initial  loss' 

(0  hr) 

2  y 

52 

7I\ 

0  75 

(1  hr) 

i  Yy 

52 

SO', 

0  86 

(5%  hr) 

]  2y 

52 

46', 

1.20 

(7  hr) 

!  * 

52 

i|i 

*■  ■  t 

0  53 

Pasteur  Ha  pest  is  A1 122 

(F)  Grown  in  Heart  Infusion  Broth 

28 

46 

BDR  0.28 

0  44 

28 

28 

BDR  0.59 

1  00 

1  39 

26 

BDR  0  70 

t  40 

:  87 

61 

BDR  0  16 

1.00 

*  Refluxing  atomizer;  fluid  chilled  to  4  C  before  spraying,  unless  otherwise  noted. 

*  See  Fig.  ,t. 

'Sprayed  with  modified,  nonrefluxing  atomizer  with  temperature  control  at  4  C. 
'Single  experiment;  all  other  data  are  mean  value  of  three  or  more  aerosols. 

*  No  survivors  after  shift  in  humidity. 


59%  RH,  and  when  cells  were  sprayed  from  the 
TCNR  atomizer  at  4  C,  the  DHD  ratio  was  1.00. 
If  cells  were  grown  in  dilute  Trypticase  Soy 
Broth  and  sprayed  from  chemically  defined 
medium  (section  D,  Table  1),  the  DHD  ratio  was 
higher  than  above,  hence,  dilute  Trypticase  Soy 
Broth  was  not  toxic.  Further  evidence  for  non¬ 
toxicity  is  shown  in  section  C,  Table  1;  cells 
grown  in  chemically  defined  medium  and  sprayed 
from  dilute  Tiyptkase  Soy  Broth  at  room  tem¬ 
perature  were  so  sensitive  to  sorbed  death  that  no 
viable  cells  were  recovered  from  the  second  duct, 
but  the  addition  c<  '  mg/ml  of  chloramphenicol 
to  a  similar  suspension  practically  eliminated  the 
detrimental  effects  of  sorbed  water. 


The  latter  effect  might  be  considered  a  protec¬ 
tive  one,  but  a  similar  result  was  obtained  when 
cells  were  grown  in  chemically  defined  medium 
and  stored  at  4  C  for  various  times  before  being 
added  to  dilute  Trypticase  Soy  Broth  to  be 
sprayed  (section  E,  Table  1).  Storage  in  the  cold 
for  5.5  hr  changed  the  DHD  ratio  from  0.75  to 
1.20;  additional  storage  caused  the  DHD  ratio 
to  decrease  to  0.53.  This  decrease  was  more  ap¬ 
parent  than  real,  however,  because  of  the  marked 
change  in  initial  loss  that  occurred  as  a  result  of 
the  cold  storage  period  (see  Table  1);  the  final 
biological  decay,  as  a  result  of  the  7  hr  storage 
period,  was  less  than  that  of  the  final  decay  of 
cells  stored  for  5.5  hr  and  equivalent  to  the  final 
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decay  of  cells  grown  and  sprayed  in  chemically 
defined  medium. 

Pusieurfllti  pf.uis  At  122  was  grown  and 
sprayed  in  Heart  Infusion  Broth  (Difco).  A! 
though  this  speues  exhibited  sorbed  death  similar 
to  S  murctscms,  there  were  three  distinct  dif¬ 
ferences  between  the  species  (section  F,  Table  1): 
(i)  ihete  was  a  change  in  death  rate  as  a  result  of 
a  shift  down  in  RH,  a  phenomenon  we  never  ob- 
seivedwith  S.  marrtsctns;  (ii)  the  DHDratioasa 
result  of  this  change  was  3.40,  i.e.,  the  death  rate 
decreased  markedly  rather  than  increasing,  (iii) 
instantaneous  death  (i.e.,  the  rate  was  too  rapid 
to  measure)  often  occurred  after  humidity  shifts 
(note  last  BOR,  section  F,  Table  1).  Also,  pre¬ 
liminary  evidence  indicated  instances  of  dis¬ 
sonance  (3),  or  dilution  shock,  and  a  dependence 
on  both  constituents  in,  and  temperature  of,  the 
sampling  medium.  For  example,  in  one  experi¬ 
ment  in  which  plates,  before  being  incubated,  were 
chilled  for  2  hr  after  the  sample  from  an  aerosol 
was  inoculated,  a  twofold  increase  in  colony 
numbers  was  found  over  the  number  on  plates 
incubated  immediately.  In  the  same  experiment, 
the  addition  of  1%  whole  blood  to  the  medium 
caused  a  fourfold  increase  in  colony  numbers. 
Whole  blood  did  not  increase  the  number  of 
colonies  produced  by  unstressed  populations. 
The  actual  extent  of  these  increases  varied  with 
aerosol  age. 

Applied  Interpretations 

These  findings  show  that  changes  in  RH  do  in¬ 
fluence  subsequent  surivi'  J  uf  airborne  bacleu*. 
The  evidence  indicates  that  this  effect  might  he 
applied  to  air-sterilization  processes.  For  example, 
air  conditioning  equipment  might  be  cycled  to 
lower  the  air  contamination  of  public  places,  such 
as  hospitals,  schools,  institutions,  et:.  (3).  The 
study  has  not  indicated  specific  or  generally  ap¬ 
plicable  RH  changes,  or  rates  of  changes,  that 
might  be  most  lethal,  nor  is  there  direct  evidence 
that  surMval  after  a  shift  in  RH  is  different  than 
it  woul  -vc  been  in  the  second  condition  with¬ 
out  a  crutnge  There  is,  however,  presumptive 
evidence  for  this,  in  that  we  never  observed  S. 
marefsems  cells  to  die  as  rapidly  at  53C;  RH  as 
they  did  when  shifted  from  25  to  53  r;  RH  (sec¬ 
tion  C,  Tabic  1).  The  spray  tcmperaluic  in  this 
instance  was  more  equivalent  to  natural  condi¬ 
tions  (21 C)  than  in  other  experiments  (4  to  15  C). 
Further,  little  more  than  10r;  of  airborne  P. 
penis  cells  survived  a  shift-down  in  humidity 
from  87  to  61  %  RH,  although  the  death  rates 
before  and  after  the  shift  were  observed  to  be 
identical  (section  F,  Table  1). 

The  difficulty  of  finding  interpretations  mean- 
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ingful  to  natural  situuiic'  -  ties  in  the  obvious 
dependence  of  airborne  oettavior  on  the  history 
of  environment  of  the  culture  before  acrosolizn- 
tion.  Goodlow  and  Leonard  (7)  previously 
pointed  out  the  impottancc  of  such  conditions. 
Rigid  standardization  in  an  effort  lo  attain  repli¬ 
cability  does  not  aid  the  interpretation,  because 
we  usually  do  not  know  the  cultural  history  of 
bacteria  found  in  nature. 

Theoretical  Interpretations 

There  are  additional  difficulties  influencing  our 
attempts  to  interpret  these  data  from  a  theoretical 
viewpoint  .  We  can  justifiably  point  out  some  pre¬ 
viously  suspected  mechanisms  that  either  are  not 
applicable  or  act  only  indirectly.  Dehydration 
alone  does  not  kill  cells,  otherwise  freeze -dried 
cells  would  not  survive  as  they  do  (4).  Moreover, 
Hess  (10),  in  a  most  important  contribution, 
showed  that  little  or  no  loss  of  viability  occurred 
at  any  RH  tested  if  celts  were  held  airborne  in 
oxygen-free  chambers.  Our  data  show  that  rehy¬ 
dration  can  cause  death;  interpreted  broadly, 
these  facts  imply  that  pan  of  the  observed  death 
may  be  caused  by  the  act  of  sampling.  In  some 
instances,  additional  colonies  arose  when  sam¬ 
pling  plates  were  cooled  before  they  were  incubated 
or  when  nutrients  not  required  by  unstressed  cells 
were  added.  Since  cells  ruptured  by  osmotic 
shock  are  unlikely  to  repair  such  damage,  osmotic 
shock  cannot  be  solely  responsible  for  death.  In 
fact,  we  may  reasonably  suggest  that  no  currently 
used  assay  is  accurate  for  cells  injured  by  aero¬ 
sol  ization. 

From  these  data  we  theorize  that  airborne  cells 
may  be  metabolically  active.  Substances  such  as 
chloramphenicol,  or  conditions  such  as  low  tem¬ 
perature  that  decrease  metabolic  functions,  tend 
to  increase  survival  capacity.  Dehydration  un¬ 
doubtedly  decreases  metabolic  functions,  but 
probably  in  a  manner  that  leads  to  an  imbalanced 
but  slowly  readjusts ble  condition.  Cells  sampled 
before  readjustment  die  as  a  result  of  further  im¬ 
balance  unless  provided  with  a  situation  where 
additional  slow  change,  or  repair,  can  take  place. 
Cells  normally  exist  in  a  variety  of  "states”  be¬ 
cause  of  the  division  cycle  and  differences  in 
microenvironments.  Therefore,  individual  cellu¬ 
lar  responsiveness  lo  aerosolization  ought  to  vary, 
and  this  is  apparently  what  happened  in  our 
studies. 

The  evidence  indicates  that  no  single  struc¬ 
tural  injury  (e  g.,  hydrogen  bond  breakage, 
deoxyribonucleic  acid  denatuiation)  can  account 
for  all  death  observed  and  that  measured  behavior 
(colony  formation)  is  highly  dependent  on  func¬ 
tional  activities  of  the  cell 


!•  ■  -j . »  i>wHHII<">*iii{i<"«lliMillil||i;|tii:"iF  i  |:!i  I  •K:*l|)ll)lllWlIH|*  i  1 11  •«"» »" "■ 


602 


HATCH  AND  DtMMICK 


Bactxrkx  Rev. 


Summary 

In  summary,  (he  aerobiologixt  places  •  bio¬ 
logical  system,  the  bacteria,  in  a  hostile  and  ill 
defined  environment,  the  atmosphere,  for  the 
purpose  of  studying  air  bacterium  interactions. 
Measurement  of  this  interaction  is  in  terms  of 
survival.  Survival  has  been  shown  to  depend  not 
only  on  physicochemical  reactions  of  the  somatic, 
structural  components  of  the  celt,  but  also  on 
those  functional,  physiological,  dynamic  proper¬ 
ties  of  all  living  systems,  termed  adaptability  or 
responsiveness.  The  problem,  whether  one  is 
assaying  infectivity  cr  is  searching  for  dues 
pertinent  to  death  mechanisms,  is  to  separate  the 
two  effects. 
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In  the  experiments  which  Dr.  Hatch  has  de¬ 
scribed,  the  immediate  effect  of  an  abrupt  change 
in  relative  humidity  on  an  airborne  microorgan¬ 
ism  was  expressed  as  a  deviation  from  the  ex¬ 
pected  reduction  in  aerosol  concentration  due  to 
the  dilution  by  the  additional  air  introduced  at  the 
confluence  point.  The  biological  dilution  ratio, 
based  on  samples,  was  compared  with  the  ap¬ 
parent  dilution  ratio  based  upon  light  scatter 
measurements.  The  biological  loss  observed 


during  the  5.7-min  aerosol  transit  time  in  the 
second  half  of  the  apparatus  was  compared  with 
the  equivalent  loss  observed  in  the  first  half,  and 
wax  expressed  as  the  dynamic  humidity  death 
ratio. 

Regarding  the  immediate  effects  of  an  abrupt 
change  in  relative  humidity  on  airborne  microor¬ 
ganisms,  one  might  suggest  that  not  only  are  the 
effects  dependent  upon  the  direction  and  magni¬ 
tude  of  the  change  but,  perhaps,  also  upon  the 
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iu(e  or  change  of  relative  humidity.  If,  in  the  ap¬ 
paratus  described,  one  assumes  that  the  aerosol 
from  the  first  lube  mixes  perfectly  with  the  addi¬ 
tional  air  introduced  at  the  confluence  point  und 
that  temperature  is  constant  throughout,  one 
wonders  what  ti'"e  is  required  to  achieve  uniform 
relative  humidity  in  the  mixed  aerosol  beyond  the 
confluence  point.  With  adequate  mixing,  the 
equilibration  time  is  probably  rather  short  and 
dependent  upon  the  diffusion  rale  of  water  vapor. 
One  could  perhaps  assume  that  the  small 
airborne  particles  containing  microorganisms 
come  to  equilibrium  wit*1  'Vir  microenviron¬ 
ment  at  a  rate  greater  than  that  at  which  the  en¬ 
vironment  is  changing.  Undoubtedly  the  equi¬ 
libration  rate  of  the  airborne  microorganisms 
with  their  environment  would  be  influenced  by 
the  nature  of  the  material  in  the  particle  deposited 
by  evaporation  of  the  suspending  fluid  from  which 
the  mkruorganisms  w ere  originally  atomized. 
Other  factors  such  as  strain  of  a  given  species 
and  the  age  of  a  culture  and  its  metabolic  state,  as 
influenced  by  temperature  or  chemical  composi¬ 
tion  of  the  suspending  fluid,  also  have  been  shown 
to  affect  the  behavior  of  airborne  mkroorganisms 
subjected  to  an  additional  stress  such  as  a  change 
in  relative  humidity. 

A  differing  biological  loss  observed  during  the 
initial  and  final  3.7-min  aerosol  transit  periods 
was  identified  by  Dr.  Hatch  as  the  dynamic 
humidity  death  ratio  and  was  hased  upon  the 


assumption  that  first  order  kinetics  were  followed 
during  the  initial  and  Altai  aerosol  transit  periods. 
Assuming  that  a  simple  exporter  1  decay  does 
occur,  one  could  as  readily  express  the  biological 
loss  as  a  decay  rate,  which  could  perhaps  be  useful 
in  predicting  biological  loss  for  time  periods  other 
than  those  obtained  in  this  apparatus.  In  addi¬ 
tion,  by  computing  decay  rates,  one  could  sepa¬ 
rate  the  physical  and  total  loss,  is  measured  by 
light  scatter  and  sampling,  respectively,  lo  obtain 
a  true  biological  decay  rate,  tn  using  light  scatter 
measurements  to  indicate  particulate  co  xent ra¬ 
tion  of  an  aerosol,  one  must  be  aware  of  the  foot 
that  the  tight  scattered  from  a  sample  of  the 
aerosol  is  not  restricted  lo  particles  carrying 
microorganisms. 

The  employment  of  a  mixed  aerosol  containing 
the  test  orpnism  and  a  tracer  such  as  Bacilku 
Mbtilis  spores  is  suggested,  since,  from  the  test 
orgsaism-tracer  ratio,  one  can  obtain  viability 
data  independent  of  sampler  efficiency  and  the 
extent  of  aerosol  dilution.  To  eliminate  the  in¬ 
fluence  of  a  possible  btotogka:  loss  of  the  tracer, 
one  could  employ  rmdtoactively  tagged  microor¬ 
ganisms  as  a  nooviabie  tracer. 

Such  tracer  techniques  would  also  be  of  as¬ 
sistance  in  elucidating  the  "tailing"  or  deviations 
from  an  exponential  decay  rate  which  have  some¬ 
times  been  observed  after  a  change  in  relative 
humidity. 
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Introduction 

In  studies  of  the  uf  atmoepheric  pol¬ 
lutant*  on  health,  the  bask  aspects  that  must  be 
considered  are:  the  direct  damage  due  to  acute 
and  chronic  exposure,  the  role  of  a  pre-existing 
disease  on  susceptibility  to  acute  and  chronic 
exposures,  and  the  effects  of  acute  and  chronic 
exposures  on  resistance  to  secondary  stresses  such 
as  respiratory  infection. 

Air  pollutants  exert  their  effect  by  contact  be¬ 
tween  the  pollutant  and  the  body,  normally  at  the 
surface  of  skin  and  exposed  membranes.  The 
extent  of  damsgr  is  related  to  the  pollutan,,s 
ph.'Sicochb.rJ  i*  propuik*.  its  concentration, 
and  the  duration  of  exposure. 

For  example,  among  the  physicochemical 
properties,  solubility  is  important.  The  part  of 
the  respiratory  system  upon  which  a  pollutant 
may  set  depends  on  eolubtlity.  A  gu  of  low  solu¬ 
bility,  such  as  nitrogen  dioxide,  penetrates  into 
the  lower  respiratory  tract  and  exerts  its  effect  in 
this  portion  of  the  respiratory  system. 

The  severity  of  the  tissue  response  is  usually 
the  product  of  the  concentration  of  the  pollutant 
and  the  duration  of  the  exposure  Although  very 
low  concentrations  can  sometimes  be  inhaled  for 
long  periods  of  time  without  causing  any  observ¬ 
able  effects,  inhalation  of  the  same  total  amount 
of  the  gas  over  a  short  period  of  time  or  as  a 
single  breath  can  result  in  severe  tissue  demage 
and  toxic  response  (14). 

The  effects  of  gaseous  air  pollutants  on  the 
membraneous  surfaces  of  the  respiratory  system 
tire  of  special  interest  from  the  standpoint  of  re¬ 
sistance  to  respiratory  infection  An  irritant  gas 


leeching  the  epithelium  of  the  trachea  or  the 
bronchi  can  paralyze  cilia,  ulwr  mucus  flow,  affect 
phagocytic  activity,  and  in  severe  exposures  de¬ 
stroy  the  surface  layers  of  the  epithelial  lining. 
These  functions  constitute  the  major  defense 
mechanisms  and  play  an  important  role  in  respira 
tory  infections. 

Nitrogen  dioxide  is  one  of  the  most  abundant 
atmospheric  contaminants  in  many  communities. 
It  is  emitted  in  large  quantities  in  the  exhausts  of 
automotive  engines  and  is  a  by  product  of  nat 
ural  gas  combustion  (26;.  In  recent  years,  it  has 
been  incnaainglv  recognized  that  exposure  to 
oxides  of  nitrogen  (nitrogen  dioxide  and  nitric 
oxide)  can  occur  in  a  wide  variety  of  situations. 
Dangerous  accumulations  of  nitric  oxide  and 
nitrogen  dioxide  can  occur,  for  example,  in  agri¬ 
cultural  siloe  (17),  in  enclosed  mincshafu  after 
detonation  of  explosives  (3),  and  in  industrial 
processes  requiring  the  handling  of  nitric  acid 
(7)  A  rime  interval  of  a  few  hours  after  acute 
exposure  usually  elapses  before  symptoms  de- 
vekv  (20)-  After  this  interval,  acute  pulmonary 
edema,  cyanosis,  severe  dyspnea,  and  broncho¬ 
pneumonia  characteristically  develop.  When  not 
immediately  fetal,  the  acute  episode  may  be  fol¬ 
lowed  by  the  development  of  bcoocmolili* 
obliterans,  which  may  cause  death  during  the 
next  few  weeks  (17)  or  may  lead  to  persistent 
abnormalities  in  airflow. 

In  the  past,  the  effect  of  air  pollutants  on  re 
si  stance  to  infection  has  been  studied  from  two 
viewpoints,  namely,  epidemiology  and  animal 
experimentation.  The  discussion  in  this  paper  will 
be  limited  primarily  to  the  effect  of  acute  and 
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chronic  exposures  to  the  air  polluunt  nitrogen 
dioxide  on  resistance  lo  infection  produced  by 
respiratory  challenge  with  airborne  A ktutelk 
pnenmmiae. 


The  methods  used  for  acute  exposure  of  experi¬ 
mental  animals  to  nitrogen  dioxide  and  for 
respiratory  challenge  with  aerosols  of  K  prtrit- 
moniae  have  been  described  in  detail  in  precious 
publications  (21,  22). 

Briefly,  K  pneumoniae  type  A,  strain  A-D,  was 
used  It  was  isolated  on  Blood  Agar  Base  (Difco) 
from  the  heart  of  an  intrapcritoneally  injected 
mouse.  Stock  cultures  were  prepared  on  Blood 
Agar  Base  in  Roux  flasks.  After  24  hr  at  37  C.  the 
growth  was  harvested  in  a  minimal  amount  of 
sterile  distilled  water  and  frozen  in  glass  vials 
containing  2  ml  each.  For  neromlization,  the 
stock  culture  was  regrown  on  Blood  A*u  Base, 
harvested,  and  diluted  to  10*  organisms  per  milli¬ 
liter  in  sterile  water. 

The  aerosol  chamber  was  a  200  liter  plastic 
container  which  was  inserted  into  a  microbiologi¬ 
cal  safety  hood.  A  modified  University  of  Chicago 
Toxicity  Laboratory  atomizer  was  used  to  pro¬ 
duce  the  aerosol.  The  liquid  culture  was  fed  from 
a  50  ml  syringe,  the  plunger  of  which  was  acti¬ 
vated  by  a  revolving  threaded  rod  propelled  by  a 
I- rev /min  synchronous  electric  motor  The 
atomizer  delivered  04  ml  of  culture  mixed  in  32  5 
liters  per  min  of  sir  into  the  chamber.  The 
chamhcr  air  was  maintained  at  73  ±  2  C  and  80  ± 
$%  relative  humidity  (RH' 

Animals  ware  exposed  for  10  min  lo  the  bac¬ 
terial  aerosol,  in  particle  sine  of  I  to  5  #t.  After  the 
exposure,  aerosol  production  was  stopped,  and 
the  animals  were  air-washed  for  IS  min. 

The  source  of  nitrogen  dioxide  was  a  gas 
cylinder  containing  10,000  ppm  of  nitrogen 
dioxide  in  air.  The  flow  of  the  gaa  was  measured 
on  passage  from  the  cylinder  to  a  mixing  chamber 
where  it  was  further  diluted  with  filtered  air.  For 
acute  exposures,  the  nitrogen  dioxide -air  mixture 
was  introduced  into  a  3  5-ft1  glass  aquarium.  For 
chronic  exposure,  a  walk-in  type  chamber  was 
used. 

Two  haste  experimental  procedures  were  em¬ 
ployed  with  the  use  of  mice  in  groups  of  10  and 
hamsters  in  groups  of  6.  To  determine  the  effect 
of  preexposure  to  nitrogen  dioxide  on  resistance, 
experimental  animals  were  exposed  to  the  gas  for 
a  2-hr  period  before  the  challenge  with  the  infec¬ 
tious  aerosol.  To  study  the  effect  of  nitrogen 
dioxide  on  the  course  of  the  infection,  aninwls 
challenged  with  K.  pneumoniae  were  exposed  for 
2  hr  to  the  gas.  The  animals  were  observed  for  14 
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days  after  aerosol  challenge,  during  which  time 
mortality  and  survival  time  data  ware  recorded. 
Autopsies  ware  performed  on  all  animals  at  the 
time  of  death,  and  randomly  selected  lung  tissues 
wete  subjected  to  hittopaihoiogtcal  examination. 
Blood-agar  plates  were  streaked  with  heart  blood 
lo  confirm  K.  pneumoniae  as  the  reuse  of  death. 
Animals  surviving  the  t4-dny  observation  period 
were  sacrificed  and  examined  in  the  same  way. 

In  all  experiments,  control  groups  of  animate 
wete  exposed  either  to  nitrogen  dioxide  or  to  the 
infectious  agent,  simulti  nrouely  with  the  experi¬ 
mental  animate.  Accordingly,  results  could  be 
compared  on  the  baste  of  individual  test  expo¬ 
sures  or  could  be  pooled  for  statistical  analysis. 
The  mortality  and  the  survival  data  were  analysed 
slatiukwUy  by  the  I  teat.  Significance  te  reported 
•t  ff  <0 ri5.  There  wise  no  deaths  in  any  of  the 
animeli  exposed  to  nitrogen  dioxide  only.  The 
moruliiy  in  the  animete  challenged  with  K. 
pneumoniae  was  only  approximately  40%. 

S»is *  Albino  Mlct 

The  effect  of  a  2-hr  exposure  to  nitrogen  dioxide 
on  resistance  of  Swiss  albino  mice  to  infection  has 
been  reported  in  detail  in  previous  publications 
(fl,  9i  and  will  he  discussed  here  only  briefly. 
Table  I  summarizes  the  date  on  the  effect  of 
nitrogen  dioxide  in  concentrations  ranging  from 
15  to  25  ppm.  The  lime  interval  between  the 
termination  of  the  nitrogen  dioxide  exposure  and 
the  infectious  chellenge  was  1  hr  or  less.  Mice 
not  exposed  to  the  gui  but  challenged  with  K. 
pneumoniae  aerosol  simultaneously  with  the  ex¬ 
perimental  mice  served  as  controls. 

Based  on  the  results  shown  in  Table  I,  a 
threshold  value  was  determined  at  which  the  ex¬ 
posure  to  nitrogen  dioxide  reduces  the  resistance 
of  Swiss  albino  mice  to  respiratory  infection  The 
threshold  te  approximately  3  ppm. 
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The  acute  exposure  appeared  lo  produce  an 
gU  or -none  response.  There  was  no  effect  at  2  3 
ppm,  a  complete  effect  at  3.3  ppm,  and  a  minimal 
effect  at  higher  concentrations  The  mean  survival 
time  of  the  infected  controls,  calculated  on  the 
basis  of  a  maximal  14-day  survival,  was  II  I 
days.  The  survival  time  was  not  affected  by  ex 
poaurc  to  nitrogen  dioxide  concentrations  of  up  to 
2.3  ppm,  but  it  was  reduced  to  3  3  days  at  con 
centra  lions  ranging  from  3.3  to  23  ppm. 

No  deaths  occurred  in  the  mice  exposed  lo 
nitrogen  dioxide  only,  irrespective  of  the  conccn 
t rations  used.  In  mice  exposed  to  3  ppm  or  more, 
the  lungs  were  congested  to  various  degrees,  and 
the  vein*  and  capillaries  of  the  lungs  were  dilated 
Concentrations  of  leu  than  3  ppm  produced 
little,  if  any,  damage 

For  the  histopathological  examinations,  the 
mice  were  sacnliced  within  I  hr  after  the  termina 
lion  of  exposure  to  nitrogen  dioxide  On  the  few 
occasions  when  the  sacrifice  wax  delayed  for  24 
or  48  hr,  pathological  finding  were  reduced  or 
absent  Thus,  it  was  of  interest  to  determine 
whether  the  effect  of  acute  exposure  to  nitrogen 
dioxide  on  resistance  to  infection  is  transitorv 
To  study  this  parameter,  the  time  interval  between 
the  termination  of  the  exposure  to  nitrogen 
dioxide  and  the  infectious  challenge  was  extended 
from  I  hi  to  6  and  27  hr  The  data  in  Fig  I  show 
that  the  decrease  in  resistance  was  not  permanent 
and  disappeared  within  27  hr  after  t'  c  termina 
lion  of  the  nitrogen  dioxide  exposure  The  per- 
sistenct  of  the  effect  was  not  influenced  by  the 
concentrations  of  gas  used  within  the  3  to  23 
ppm  range.  It  can  be  assumed,  therefore,  that 
nitrogen  dioxide  produces  a  temporary  damage  to 
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the  defense  mechanisms;  this  damage  disappears 
within  24  hr. 

Concentrations  of  2.3  or  23  ppm  were  used  to 
study  the  effect  of  a  2-hr  exposure  to  nitrogen 
dioxide  on  mortality  of  previously  infected  mice 
The  mortality  increased  from  30' ,  in  the  control 
mice  to  100' ,  in  the  mice  exposed  to  23  ppm  oT 
nitrogen  dioxide.  At  2  5  ppm,  there  wax  no  signitt 
cant  difference  in  mortality  between  control  and 
exposed  mice  Delaying  the  exposure  to  nitrogen 
dioxide  for  6  or  24  hr  after  the  infectious  chal¬ 
lenge  did  not  significantly  alter  the  morulity 
increase  in  mice  exposed  lo  23  ppm  (Table  2). 

Inbrexl  Micr 

Increased  immunity  due  lo  genetically  condi¬ 
tioned  natural  racivtance  may  manifest  itself  as 
resistance  to  invasion  by  bacteria  or  as  increased 
ability  to  produce  bacterial  antibodies.  In  studies 
of  acute  toxicity  of  oxides  of  nitrogen,  Cray  and 
co  workers  (13)  observed  appreciable  variations 
in  the  response  of  rats  obtained  from  different 
sources  An  exposure  difference  of  40  ppm  was 
required  to  produce  an  i  u»  in  groups  of  ruts  from 
two  different  sources  In  studies  of  chronk  ex¬ 
posures,  Wagner  et  a  I  (28)  found  no  effect  that 
c  nild  be  utlriliuted  to  the  nitrogen  dioxide  ex 
posures,  and  .herefore  strain  difference  among 
HLA,  CkBL-A.  and  CAF./Jax  mice  were  not 
observed. 

The  effect  of  a  2  hr  exposure  to  5  ppm  of 
nitrogen  dioxide  on  resistance  to  respiratory  in¬ 
fection  was  determined  in  BDF>,  BALB  c. 
C,.BL  c,  and  LAF,  mice  Croups  of  mice  from 
each  inbred  strain  were  exposed  s  multaneously 
wiih  Swiss  albino  Webster  strain  mice  to  nitrogen 
dioxide,  and  either  before  or  after  this  exposure 
were  challenged  with  airborne  A'.  pneumoniae. 
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I  he  interval  between  these  (wo  treatments  was 
I  hr  or  lest. 

Table  .1  summarizes  the  results  obtained  on 
the  basts  of  a  minimum  of  eight  replicate  ex- 
posurev  The  data  can  be  considered  from  two 
standpoints.  One  relates  to  strain  differences  in 
resistance  to  the  infection  per  sc.  the  other,  to 
effects  of  exposure  to  nitrogen  dioxide  on  re¬ 
sistance. 

BDFi  and  Cs.BE  c  mice  were  more  resistant  to 
the  infection  than  the  other  two  strains,  as  meas¬ 
ured  by  mortality  The  mean  survival  times  of  the 
>wo  more  renstani  strains  were  12  2  and  120 
days,  respectively  Compared  with  the  It)  V  mean 
survival  lime  of  the  Swiss  albino  miev.  this  in¬ 
crease  was  statistically  significant  ( P  <0  03).  The 
other  two  inl  red  strains  showed  mortalities  and 
mean  survival  times  similar  to  those  of  the  Swiss 
albino  mice. 

Exposure  to  nitrogen  dioxide  followed  hy  in 
feviious  challenge  significantly  increased  mor¬ 
tality  in  the  Swiss  albino,  BALB,  c.  and  CuBL,c 
mice  The  increases  due  »c  the  exposure  were 
39  6,  50  0,  and  49  9' , .  respectively.  The  monaEty 
of  BDFi  and  LAP,  mice  a  ho  increased  to  29  I  and 
23.0' , .  respectively,  hut  the  differences  were  not 
sigmheant  The  LAP,  data,  however,  must  be  con¬ 
sidered  with  caution  In  this  group  of  experiments, 
only  u  small  increase  in  mortality  was  observed 
upon  exposure  to  nitrogen  dioxide  of  the  Swiss 
albino  mice  challenged  at  the  same  time  as  the 
LAFi  mice. 

Exposure  to  nitrogen  dioxide  prior  to  infectious 
challenge  increased  mortality  in  all  live  strains 
The  increase  was  significant  in  all  but  the  CVBl.  c 
strain 

The  data  suggest  tliat  mouse  strain  differences 
are  of  importance  in  resistance  to  infection  pro 
duced  hy  K.  pneumoniae  The  damage  produced 
by  nitrogen  dioxide,  on  the  other  hand,  is  not 
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closely  related  to  strain  differences  In  all  in- 
sunccs.  mice  exposed  to  nitrogen  dioxide  nlhcr 
before  or  after  the  infectious  challenge  showed 
increased  mortality.  The  3  ppm  of  nitrogen  di 
oxide  did  not  produce  any  uptiffcaM  damage  to 
the  respiratory  system,  as  determined  hy  btsto- 
puthologkal  examination  of  the  lungs. 

Hamsters 

Golden  hamsters  nave  a  high  natural  resistance 
to  K.  pneumtmiae  infection  initiated  hy  the  re¬ 
spiratory  route  Inhaled  respiratory  doses  as  high 
as  30,01X1  ortamisms  produced  only  I2‘,  mor¬ 
tality  in  our  studies:  or  690  hamsters  challenged 
with  the  infectious  agent,  82  died  The  same  chat 
lenge  dose  repeatedly  produced  ;(*>'.  mortality 
in  Swiss  albino  mice  used  as  controls 

A  2  hr  exposure  to  high  levels  of  nitrogen 
dioxide  terminated  I  hr  poor  to  infectious  chal¬ 
lenge  significantly  altered  the  resistance  of  ham 
sterv  As  shown  in  Table  4.  concentrations  rang¬ 
ing  from  3  to  23  ppm  caused  some  increase  in 
mortality,  hut  it  was  not  significant  Concentre 
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tions  ranging  from  35  to  65  ppm  increased  mor¬ 
tality  significantly;  the  mortality  of  the  control 
group  was  9.6%,  but  this  increased  to  44.7%  in 
the  exposed  group. 

Exposure  to  nitrogen  dioxide  apparently  is  a 
significant  factor  in  hamsters’  resistance  to  re¬ 
spiratory  infection  by  K.  pneumoniae.  The  10-fold 
increase  in  nitrogen  dioxide  required  to  produce 
this  effect  in  hamsters,  as  compared  with  mice, 
cannot  be  explained  at  present.  It  can  be  related 
only  partially  to  the  differences  in  body  weights 
and  respiratory  volumes  of  these  two  species. 
However,  the  all-or-none  response  and  the 
absence  of  a  graded  dose  response  are  similar  in 
the  two  species. 

Squirrel  Monkeys 

Increased  mortality  was  observed  in  pre¬ 
liminary  studies  with  squirrel  monkeys  exposed 
for  2  hr  to  approximately  40  ppm  of  nitrogen 
dioxide  followed  by  respiratory  challenge.  Three 
groups  of  monkeys  were  included  in  the  experi¬ 
ments:  one  challenged  with  airborne  K.  pneu¬ 
moniae  only,  one  exposed  to  nitrogen  dioxide 
only,  and  one  exposed  to  nitrogen  dioxide  and 
within  1  hr  challenged  with  the  infectious  agent 
Deaths  occurred  only  in  the  last  group;  of  the 
five  monkeys  exposed  to  both  stresses,  three  died. 

Effect  of  Rt  iention  of  Bacteria 
in  Lungs 

The  response  of  the  respiratory  system  to  in¬ 
fectious  agents  involves  the  activation  of  such 
gross  defense  mechanisms  as  cough,  alterations  in 
the  respiratory  functions,  phagocytosis,  mucus 
How,  and  alterations  in  ciliary  activity. 

Under  normal  conditions,  inlialed  bacteria  are 
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deposited  upon  mucus,  which,  through  ciliary 
action,  is  constantly  moved  from  the  deeper  part 
of  the  lung  toward  the  larynx.  Thus,  ciliary  move¬ 
ment  combined  with  mucus  secretion  normally 
prevents  an  accumulation  of  particles  in  the 
tracheobronchial  tree. 

This  defense  mechanism  against  invasion  by 
bacteria  can  be  altered.  Drying,  for  example, 
markedly  impairs  the  mobility  and  the  effective¬ 
ness  of  ciliary  actions.  Irritant  gases,  such  as 
ozone,  sulfur  dioxide,  ammonia,  and  nitrogen 
dioxide,  have  been  reported  to  interfere  with 
ciliary  movement  '2,  6, 15).  Thus,  one  parameter 
that  can  be  utilized  to  determine  the  toxicity  or 
the  effect  of  irritant  gases  is  their  action  on  the 
ciliated  epithelium  of  the  respiratory  tract. 

The  role  of  phagocytosis  as  a  clearance  mech¬ 
anism  of  inhaled  dust  particles  is  well  recognized. 
Defense  against  bacterial  infection  in  the  lung  is 
similar  to  defense  against  dusts.  In  both  cases, 
alveolar  macrophages  play  a  key  role  in  the 
clearance  (16).  Green  and  Kass  (11)  impaired 
pulmonary  clearance  mechanisms  in  mice  by  a 
variety  of  stresses:  hypoxia,  cold,  corticosteroid 
injection,  and  ethyl  alcohol  intoxication.  The 
inhibition  of  clearance  depended  on  the  type  and 
the  extent  of  the  treatment  and  on  the  bacterial 
species  being  cleared. 

To  study  the  effect  of  nitrogen  dioxide  on 
clearance  of  bacteria  by  the  lower  respiratory 
tract,  K.  pneumoniae  was  used  as  the  infectious 
agent.  Swiss  albino  mke  and  hamsters  were  ex¬ 
posed  for  2  hr  to  nitrogen  dioxide  in  concentra¬ 
tions  ranging  from  5  to  50  ppm.  Within  1  hr 
after  the  exposure,  they  were  challenged  with  the 
infectious  aerosol.  Groups  of  animals  were 
sacrificed  im;  xdiately  after  the  infectious  chal¬ 
lenge.  The  lungs  were  removed  aseptically  from 
each  animal,  homogenized  in  sterile  saline,  and 
cultured  quantitatively.  The  initial  counts  were 
assumed  to  be  100%  recovery.  Control  animals 
as  well  as  animals  exposed  to  the  nitrogen  dioxide 
were  sacrificed  at  1,3,  5,  6,  7,  and  8  hr  after  the 
combined  treatment.  The  mean  number  of  bac¬ 
teria  present  in  the  lungs  of  each  group  of  animals 
was  plotted  against  the  time  elapsed  after  the 
infectious  challenge. 

Figure  2  shows  the  data  obtained  in  mice.  Re¬ 
coveries  of  K.  pneumoniae  from  the  lungs  of 
mice  exceeding  100C;  are  not  shown  in  the 
figures.  However,  they  were  used  in  construction 
of  the  recovery  curves.  The  mean  recovery  of 
bacteria  from  the  lungs  of  control  mice  challenged 
only  with  the  infectious  aersol  showed  a  similar 
petttm  in  three  replicate  tests.  The  bacterial  popu¬ 
lation  was  markedly  reduced  (a  range  of  65  to 
90%  was  observed)  during  the  first  5  to  6  hr  after 
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FK>.  3  Recovery  of  Klebsiella  pneumoniae  from 
lungs  of  hamsters  exposed  to  NO,. 

challenge.  Thereafter,  the  population  increased 
and  reached  the  initial  concentration  after  6  to 
8  hr. 

In  mice  exposed  to  5  ppm  of  nitrogen  dioxide, 
the  100%  concentration  was  reached  within  5.5 
hr.  In  mice  exposed  to  25  ppm,  the  bacterial 
population  decreased  during  the  1st  hr  and  in¬ 
creased  thereafter;  the  100%  concentration  was 
reached  within  3  3  hr.  In  mice  exposed  to  $0  ppm, 
the  100%  concentration  was  reached  in  2.3  hr.  A 
4-  to  6-log  increase  in  concentration  of  K.  pneu¬ 
moniae  occurred  in  mice  24  hr  after  the  infectious 
challenge,  irrespective  of  the  previous  treatment. 

Figure  3  shows  that  similar  results  were  ob¬ 
tained  in  hamsters.  In  control  hamsters  not  ex¬ 
posed  to  nitrogen  dioxide,  gradual  reduction  of 
bacteria  occurred  during  the  first  5  hr,  and  the 
inirial  concentration  point  was  reached  after  7.3 
hr.  In  hamsters  exposed  to  5  ppm,  this  100% 
point  was  observed  after  6.4  hr,  and  in  those  ex¬ 
posed  to  35  ppm,  after  2  9  hr. 

In  the  experiments,  mice  or  hamsters  exposed 
to  nitrogen  dioxide  1  hr  before  infection  were 
challenged  with  the  infectious  aerosol  simul¬ 
taneously  with  control  animals  not  exposed  to  the 
gas.  Both  groups  of  animals  were  thus  exposed 
to  the  same  quantity  of  K.  pneumoniae  However, 
as  shown  in  Table  5,  the  initial  recoveries  of  K. 
pneumoniae  from  lungs  varied  widely.  In  all  in¬ 
stances,  fewer  organisms  were  recovered  from  the 
animals  exposed  to  nitrogen  dioxide.  In  hamsters, 
the  decrease  in  organisms  appears  to  be  related 
to  the  concentration  of  nitrogen  dioxide.  At  5 
ppm,  the  recovery  was  75%  of  that  in  the  con 
trots;  at  35  ppm,  58%;  and  at  50  ppm,  44%. 
However,  experiments  were  not  conducted  to 
determine  the  statistical  significance  of  this  rela¬ 
tion.  In  mi-o.  the  recovery  was  approximately 


71 r;  of  that  in  controls,  irrespective  of  the  ni¬ 
trogen  dioxide  concentration. 

While  the  increased  mortality  in  animals  ex¬ 
posed  to  nitrogen  dioxide  can  in  part  be  explained 
by  damage  to  the  ciliary  activity  and  the  phago¬ 
cytic  activity,  the  lower  recovery  of  inhaled 
bacteria  from  the  lungs  of  animals  exposed  to 
nitrogen  dioxide  cannot  be  ascribed  to  this  type 
of  damage.  Also,  because  of  the  absence  of  ap¬ 
preciable  pulronary  edema  in  animals  exposed 
to  nitiogen  dioxide,  a  dilution  effect  can  be  dis¬ 
counted.  Three  theoretical  explanations  are 
possible.  One  is  that  the  nitrogen  dioxide  remain¬ 
ing  in  the  lungs  inactivates  the  bacteria  in  situ. 
This  supposition  is  questionable,  because  larger 
amounts  of  r'  rogen  dioxide  are  usually  required 
to  produce  any  effects  on  bacteria.  Another  ex¬ 
planation  is  that  a  protective  Him  forms  in  the 
respiratory  system  as  a  result  of  inhalation  of  the 
gas;  this  film  would  make  the  recovery  of  bacteria 
from  the  lung  tissue  more  difficult.  The  third 
possibility  is  that  the  respiratory  functions  are 
modified  by  inhalation  of  nitrogen  dioxide. 

Our  studies  in  squirrel  monkeys  showed  that 
exposure  to  nitrogen  dioxide  increased  the  respira¬ 
tory  rate  and  decreased  the  tidal  volume.  Al¬ 
though  the  animal  was  breathing  more  frequently, 
the  breathing  was  shallow.  Thus,  it  is  possible 
that  the  bacteria  do  not  penetrate  into  the  alveoli 
in  the  same  quantities  as  in  normal  animals. 

The  tidal  volume  of  a  monkey  exposed  for  2  hr 
to  nitrogen  dioxide  is  shown  in  Fig.  4.  The 
monkey  was  placed  in  a  restraining  chair,  a  mask 
was  fastened  to  its  face,  and  it  was  exposed  to 
filtered  air  for  30  min.  Without  any  interruption, 
35  ppm  of  nitrogen  dioxide  was  introduced  into 
the  air,  and  the  respiratory  functions  were  meas¬ 
ured  with  a  spirometer  and  a  dual-channel  re¬ 
corder.  After  the  exposure,  the  tidal  volume  was 
approximately  72%  of  the  initial  value. 

Emcr  on  Lactjc  Dehydrogenase 
(I.DH)  Isoenzymes 

The  LDH  enzyme  system  plays  a  principal  role 
in  the  glycolytic  cycle  for  the  conversion  of  stored 


Table  5.  Retention  of  Klebsiella  pneumoniae  in 
lungs  of  mice  and  hamsters 
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energy.  Recently,  the  enzyme  has  been  separated 
dectropboretically  into  five  components  defined 
as  LDH  isoenzymes  (29).  Diseases,  such  as 
cardiac  infarction  (30),  hepatitis  (23),  and  cancer 
(23),  produce  abnormal  serum  and  tissue  iso¬ 
enzyme  patterns  that  are  indicative  of  the  tissues 
affected. 

Exploratory  studies  were  conducted  to  deter¬ 
mine  whether  exposure  to  nitrogen  dioxide  and 
infection  with  K.  pneumoniae  produce  an  atypical 
LDH  isoenzyme  pattern  in  scrum  or  selected 
tissues  and  whether  the  pattern  is  indicative  of 
the  resulting  pathology.  The  limited  number  of 
animals  (four)  used  per  point  did  not  permit  an 
exhaustive  analysis  of  the  data.  However,  the 
differences  obtained  are  large  enough  to  suggest 
trends  and  to  form  the  base  for  additional  ex¬ 
perimentation.  Hamsters  were  exposed  to  3  and 
33  ppm  of  nitrogen  dioxide  for  2  hr  and  ex¬ 
amined  frequently  over  a  72 -hr  period 

Heart  tissue  was  removed  from  each  hamster; 
the  LDH  enzyme  was  extracted  and  resolved 
into  isoenzyme  components.  Approximately  1  hr 
after  exposure,  in  either  group  the  enzymatic 
activity  of  isoenzymes  1  and  2  was  reduced  and 
remained  depressed  for  approximately  1  day. 
Correspondingly,  the  isoenzyme  activity  in  bands 
4  and  3  increased.  This  period  of  altered  iso¬ 
enzyme  activity  coincides  with  the  period  of 
maximal  susceptibility  to  respiratory  infection 
after  exposure  to  nitrogen  dioxide.  Hamsters 
subjected  to  infectious  challenge  only  did  not 
experience  these  alterations. 

The  livers  were  removed  and  the  LDH  iso¬ 
enzyme  was  extracted.  Although  there  was  a 
large  variability  among  the  hamsters  in  a  group, 
the  overall  trend  was  clear.  Hamsters  exposed  to 
3  or  33  ppm  sh -  rd  a  decrease  of  approximately 
50' in  band  1  ana  2  isoenzyme  activity  5  hr  after 
exposure. 


Exploratory  studies  were  also  conducted  with 
squirrel  monkeys.  One  monkey  was  exposed  to  35 
ppm  for  2  hr  and  subsequently  was  infected  in¬ 
travenously  with  K.  pneumoniae.  The  LDH  ac¬ 
tivity  in  the  lung  tissue  increased  3-fold  24  hr 
after  exposure.  The  increase  in  activity  was  ac¬ 
companied  by  a  marked  and  disproportionate 
increase  in  the  LDH  activity  in  bands  4  and  3. 

Two  monkeys  exposed  to  30  ppm  of  nitrogen 
dioxide  and  to  K.  pneumoniae  aerosol  displayed 
similar  isoenzyme  alterations.  Upon  autopsy,  the 
lung  tissue  appeared  gray,  with  patches  of  marked 
reddish  congestion  ckarly  demarcated  from  the 
gray  areas.  Tissue  sections  from  both  gray  and 
red  areas  showed  much  interstitial  and  intralvco- 
iar  edema,  with  congestion  and  cellular  infiltra¬ 
tion.  Tissue  excised  from  each  of  these  areas 
produced  abnormal  isoenzyme  patterns,  each 
very  different  from  the  other.  The  red  area  pro¬ 
duced  one  major  isoenzyme  band,  band  5,  with 
considerably  reduced  activity  in  the  remaining 
isoenzyme  fractions. 

Current  theories  suggest  that  the  LDH  mole¬ 
cule  is  a  let ra meric  peptide  molecule  and  that  the 
synthesis  of  the  molecule  is  controlled  by  two 
genes  (5).  One  gene  is  responsible  for  the  synthe¬ 
sis  of  LDH  isoenzyme  1  and  one  for  the  synthesis 
of  LDH  isoenzyme  5.  The  three  remaining  iso¬ 
enzymes  are  merely  combinations  of  isoenzymes 
1  and  5.  Cahn,  Kaplan,  and  associates  (5)  sug¬ 
gest  that  LDH  isoenzyme  1  is  associated  with  cells 
undergoing  aerobic  metabolism  and  LDH  iso¬ 
enzyme  5  with  cells  functioning  anaerobically. 
Brody  and  Engel  (4)  have  demonstrated  that 
LDH  activity  is  associated  with  the  mitochondrial 
membrane  and  is  readily  dissociated  when  the 
tissue  is  manipulated  during  fixation.  Therefore, 
rupture  of  the  cellular  membrane  (cell  death) 
would  be  indicated  by  an  increase  in  serum  LDH 
activity. 
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Altered  metabolism  induced  by  stress  may  be 
related  to  increased  enzyme  activity  and  altered 
isoenzyme  ratios.  Recently,  Vesell  (27)  has  pub¬ 
lished  contradictory  icsults  Studies  conducted 
with  nucleated  red  blood  cells  and  normal  red 
blood  cells  devoid  of  a  nucleus  indicated  tl>at 
LDH  isoenzyme  band  5  is  located  in  the  nucleus, 
and  isoenzymes  1 ,  2,  and  3  are  located  in  the  cyto¬ 
plasm.  Vcsell  therefore  takes  exception  to  the 
theories  regarding  the  relationship  of  aerobic- 
anaerobic  metabolism  to  isoenzymes  1  and  3. 

The  preliminary  data  acquired  to  date  do  not 
permit  interpretation  of  the  cellular  mechanisms 
involved.  Nevertheless,  it  is  apparent  that  altera¬ 
tion  of  the  isoenzyme  ratios  is  related  to  pa¬ 
thology,  and  may  ultimately  provide  information 
regarding  altered  cellular  metabolism  induced  by 
the  nitrogen  dioxide  and  infectious  challenge 
stress. 

Effect  of  Chronic  Exposure 

Exposure  to  low  levels  of  pollutants  over  ex¬ 
tended  periods  of  time  are  a  threat  to  heavily 
populated  communities.  Air  pollution  surveys 
indicate  a  maximal  concentration  of  3.3  ppm  of 
nitrogen  dioxide.  Daily  variations  in  the  concen¬ 
tration  of  nitrogen  dioxide  in  a  polluted  atmos¬ 
phere  result  from  varying  emission  rates,  wind 
velocity  and  direction,  height  of  inversion  layer, 
etc-  The  average  8-hr  levels  of  oxides  of  nitrogen 
in  one  urban  area  on  days  with  significant  air 
pollution  ranged  from  0.1  to  0.3  ppm  (26). 

Several  investigators  have  reported  on  the  effect 
of  chronic  and  intermittent  exposures  to  nitrogen 
dioxide.  Romani  (24)  concluded  that  repeated 
daily  exposures  to  100  ppm  had  no  distinct 
acute  effect  in  animcls.  Cray  et  al.  (12)  exposed 
rats  to  9  to  14  ppm  for  4  hr  per  day,  5  days  per 
week,  for  6  weeks.  They  observed  an  inflamma¬ 
tory  condition  spread  throughout  the  entire  re¬ 
spiratory  tract.  The  same  authors  (13)  found  no 
evidence  of  pathology  in  rats,  guinea  pigs,  and 
mice  exposed  daily  for  6  months  to  4  ppm. 

Wagner  et  al.  (28)  exposed  dogs,  guinea  pigs, 
rabbits,  rats,  hamsters,  and  mice  to  1,  3,  and  25 
ppm  for  periods  up  to  18  months.  At  no  exposure 
level  did  changes  in  body  weight,  hematological 
value,  or  biochemical  index  vary  significantly 
from  the  control  data.  The  respiratory  functions 
in  exposed  rabbits  were  equivalent  to  those  in 
the  controls,  with  the  exception  of  the  25-ppm 
group,  which  indicated  a  slight  and  transitory 
elevation  in  mean  oxygen  consumption.  Detailed 
histological  examination  of  tissues  of  animals 
sacrificed  at  various  time  intervals  presented  no 
evidence  that  nitrogen  dioxide  had  any  morpho¬ 
logical  effect.  Their  studies  with  a  strain  of  mice 


Table  6.  Effect  of  continuous  e  v  pom  re  to  0.5  ppm 
of  nitrogen  dioxide  on  mortality  of  mire  chal¬ 
lenged  with  Klebsiella  pneumoniae 
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49/70 
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<0.001 

susceptible  to  spontaneous  pulmonary  tumor  sug¬ 
gested  a  possible  tumorigenk  accelerating  capac¬ 
ity  of  nitrogen  dioxide. 

In  our  studies,  Swiss  albino  mice  were  exposed 
continuously,  24  hr  per  day,  to  0.5  ppm  of  ni¬ 
trogen  dioxide.  Three  times  a  week,  the  mice 
were  removed  from  the  chamber  for  approxi¬ 
mately  1  hr  for  maintenance  and  feeding.  After 
various  periods  of  nitrogen  dioxide  exposure,  the 
mice  were  challenged  with  the  aerosol  of  K. 
pneumoniae  and  maintained  in  a  clean  air  atmoa- 
phere  for  14  days  after  the  challenge.  Control 
animals  were  of  the  same  age  as  the  experimental 
mice,  and  were  treated  identically  with  the  ex¬ 
ception  of  the  nitrogen  dioxide  exposure.  The 
data  in  Table  6  show  an  increase  in  susceptibility 
to  infection  after  3  months  of  exposure  to  the  gas. 
Some  degree  of  linearity  was  observed  when  the 
arc  transformed  differences  in  mortalities  were 
plotted  against  the  duration  of  exposure  to 
nitrogen  dioxide  (Fig.  3). 

The  effect  of  continuous  and  intermittent  ex¬ 
posure  to  0.5  ppm  of  nitrogen  dioxide  over  a 
30-day  period  was  investigated.  After  30  days  of 
continuous  exposure,  Swiss  albino  mice  were 
challenged  by  the  respiratory  route  with  air¬ 
borne  K.  pneumoniae ■  The  deaths  were  recorded 
during  the  next  14-day  holding  period  at  ambient 
atmosphere.  For  intermittent  exposure,  mice 
were  exposed  to  0.5  ppm  for  6  hr  a  dsy,  5  days  a 
week,  for  a  total  of  30  days  before  the  infectious 
challenge.  The  data  summarized  in  Table  7  show 
the  significant  mortality  increase  due  to  the  inter¬ 
mittent  exposure. 

Exposure  of  Swiss  albino  mice  to  I.S  ppm  of 
nitrogen  dioxide  for  periods  tanging  from  2  hr 
to  3  months  prior  to  the  infectious  challenge  re¬ 
sulted  in  mortality  shown  in  Table  8.  The  in¬ 
crease  in  mortality  was  significant  after  exposures 
of  8  hr  or  longer.  A  corresponding  reduction  in 
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*  Significant  at  P  <0  05 

•  Significant  at  P  <0.05. 

the  survival  time  occurred  in  all  groups  except 
the  one  exposed  to  nitrogen  dioxide  for  2  hr. 

Exposure  of  infected  mice  to  1.5  ppm  of  ni¬ 
trogen  dioxide  after  the  infectious  challenge  also 
increased  mortality.  The  mortality  in  the  control 
group  challenged  with  the  infectious  agent  only 
was  45%.  Aft'  xposure  to  nitrogen  dioxide  for 
2,  8,  or  24  hr,  tin  mortality  rates  were  80.0,  88.3 
and  73.3%,  respectively.  The  respective  increases 
in  mortality  were  77.8,  96.2,  and  62.9%,  all  three 
values  being  significant 

The  significance  of  pre-exposure  to  nitrogen 
dioxide  is  further  illustrated  in  Fig.  6.  Three 
groups  of  mice  were  used  The  one  serving  a-  he 


control  was  challenged  with  K.  pneumoniae 
aerosol  and  maintained  in  clean  air  after  the  in¬ 
fection.  The  second  was  infected  and  placed  im¬ 
mediately  after  the  challenge  in  an  atmosphere  of 
1 .5  ppm  of  nitrogen  dioxide.  The  third  was  ex¬ 
posed  to  nitrogen  dioxide  for  24  hr,  challenged, 
and  returned  to  the  1.5-ppm  atmosphere.  Al¬ 
though  tlse  mortality  of  both  groups  exposed  to 
nitrogen  dioxide  was  higher  than  that  of  the  con¬ 
trol  group,  mice  exposed  to  the  gas  both  before 
and  after  the  infectious  challenge  died  faster,  and 
ultimately  the  mortality  in  this  group  was  the 
highest.  The  mortality  at  the  end  of  the  30-day 
holding  period  was  $8.3%  for  controls,  78.3% 
for  mice  exposed  to  nitrogen  dioxide  after  the  in- 
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Fig.  6.  Egret  of  pre-exposure  of  mkr  to  nitrogen 
Jkixidr  on  resistance  to  Klebsiella  pneumoniae. 


fcctious  challenge,  and  98  3',.  for  mice  exposed 
to  nitrogen  dioxide  both  before  and  after  the  in¬ 
fectious  challenge. 

Effect  or  Ao* 

The  effect  of  age  on  resistance  to  K.  pneumonia* 
infection  was  investigated.  Young  mice  6  to  8 
weeks  old  and  weighing  20  ±  2  g,  mice  6  months 
old  and  weighing  32  ±  2  g,  and  mice  9  months 
old  and  weighing  39  ±  2  g  were  maintained  at 
ambient  atmosphere  and  were  challenged  simul¬ 
taneously  with  the  infectious  agent.  Deaths  were 
recorded  for  14  days  after  the  challenge  No  sig¬ 
nificant  differences  were  observed  in  the  mor¬ 
tality  rates  among  these  groups.  The  mortality  of 
the  6- month-old  mice  was  48.0;  the  9-month-old 
mice,  34.2%;  and  the  6  to  3  week-old  mice, 
52.5% 

DtSCUSSJON  AND  CONCUJSICX* 

The  effects  of  exposure  to  nitrogen  dioxide  on 
man  and  on  animals  are  confined  almost  ex¬ 
clusively  to  the  respiratory  tract.  With  increasing 
dosage,  the  progressive  effects  of  this  gas  are: 
odor  perception,  nasal  irritation,  difficulty  in 
breathing,  acute  respiratory  irritation,  edema, 
and  death-  Experimental  and  epidemiological 
data  pertaining  to  nitrogen  dioxide  effects  in  man 
are  sparse,  especially  in  the  low  concenttation 
level  found  in  community  air  pollution. 


In  most  specks  of  laboratory  animats,  concen¬ 
trations  of  nitrogen  dioxide  above  200  ppm  pro¬ 
duce  death  even  after  a  singk  5-  to  15-min  ex¬ 
posure.  Continuous  30-  to  60-mtn  exposures  to 
100  to  200  ppm  or  8-hr  exposures  to  30  ppm  also 
produce  death.  Intermittent  exposures  of  less  than 
30  ppm,  on  the  other  hand,  are  not  fatal.  Thus,  it 
appears  that  the  existence  of  a  recovery  period 
reduces  mortality. 

Lower  concentrations,  10  to  20  ppm,  produce 
pathological  changes  in  the  lungs.  Continuous 
exposures  to  5  or  10  ppm  result  in  changes  in  the 
bronchia]  epithelium;  lower  concentrations  pro¬ 
duce  only  minor  changes.  Freeman  and  Hayden 
(10)  observed  minor  changes  in  the  bronchial 
epithelium  after  continuous  exposure  to  4  ppm 
for  20  weeks.  Bklchum  et  al.  (I)  showed  that  ex¬ 
posure  of  guinea  pigs  to  5  ppm  produced  minor 
pulmonary  changes  and  demonstrated  the  de¬ 
velopment  of  circulating  substances  capable  of 
agglutinating  normal  lung  proteins. 

The  work  reported  in  this  paper  suggests  a 
more  sensitive  indicator  of  biological  effects  of 
nitrogen  dioxide,  namely,  a  synergistic  effect  or 
secondary  effect,  demonstrated  by  reduction  in 
resistance  to  inflection.  A  single  2-hr  exposure 
of  Swiss  albino  Webster  strain  mice  or  of  inbred 
mice  to  3.3  ppm  of  nitrogen  dioxide  before  or 
after  respiratory  challenge  with  aerosol  of  K. 
pneumoniae  significantly  increased  mortality.  To 
produce  the  same  effect  in  hamsters  and  squirrel 
monkeys,  35  ppm  was  required  during  the  2-hr 
exposure  period.  The  effect  of  the  single  2-hr 
exposure  was  not  persistent,  and  a  return  to 
normal  resistance  to  the  infection  was  observed 
within  24  hr  after  the  exposure  to  nitrogen 
dioxide. 

Continuous  exposures  to  0.5  ppm  for  3  months 
or  longer  as  wdl  as  intermittent  deity  exposures 
over  a  30-day  period  produced  the  same  effect 
in  mice. 

Exploratory  studies  conducted  to  define  the 
mechanisms  responsible  for  the  increased  sus¬ 
ceptibility  to  infection  suggest  that  exposure  to 
nitrogen  dioxide  permits  better  colonization  of 
bacteria  in  the  lungs  of  mice  and  hamsters. 

Exposure  to  25  to  ppm  of  nitrogen  dioxide 
a/fecied  the  pulmonary  function  in  squirrel 
monkeys.  Similar  observations  in  guinea  pigs 
were  reported  by  Murphy  et  al.  (19).  The  re¬ 
spiratory  rate  increased  and  the  tidal  volume  de¬ 
creased  in  guinea  pigs  exposed  to  3.2  and  13.0 
ppm  of  nitrogen  dioxide.  The  lime  of  onset  of 
the  respiratory  changes  was  inversely  related  to 
the  concentration  of  the  inhaled  pis.  When  the 
guinea  pigs  were  returned  to  clean  air.  the  pul¬ 
monary  function  gradually  returned  to  the  pre¬ 
exposure  level. 
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Extrapolation  of  the  effecti  of  nitrogen  dioxide 
on  teusUnce  to  K.  pttmmomkH  infection  of  nun, 
or  that  due  to  other  species  of  pathogenic  miro- 
orguuims,  can  be  speculative  only.  However, 
the  work  is  significant  in  pointing  to  possible 
relationship*  between  air  pollutants  and  changes 
in  resistance  to  respiratory  infection. 
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Introduction 

Reporta  in  the  literature,  recently  reviewed  by 
Muaagay  (8),  contain  numerous  example!  of 
alteration!  in  the  properties  of  arbovinnei  at  a 
result  of  their  passage  in  various  host  systems. 
Countless  other  observations  of  th>'  type  n- 
doubtedly  have  been  made  but  not  repu^d. 
Early  accounts  of  alterations  in  virulence  of 
yellow  (Ever  virus  (YFV)  as  a  reeuh  of  propor¬ 
tion  in  vitro  have  been  described  by  Lloyd, 
Thciler,  and  Ricci  (6)  and  by  Theiler  and  Smith 
(11).  Studies  by  Theiler  and  his  associates  led  to 
the  isolation  and  eventual  use  of  the  well-known 
17-D  strain  for  human  vaccination.  A  more  de¬ 
tailed  description  of  the  development  of  various 
attenuated  strains  of  YFV  may  be  found  in  a 
review  by  Theiler  (10).  Mora  recently,  Hallauer 
(I)  reported  losses  in  virulence  of  the  17-D  strain 
for  mice  and  of  the  Asibi  strain  for  monkeys  after 
passage  in  KB  cell  cultures.  Following  this, 
Schindler  and  Hallauer  (9)  described  additional 
losses  in  the  viaocrotroptam  of  Asibi  strain 
variants  obtained  after  prolonged  passage  in  KB 
cells.  Three  authors  also  reported  the  isolation 
from  human  cell  lines  of  a  17-D  viral  substrain 
whose  virulence  for  monkeys  was  reduced  to  a 
degree  that  has  apparently  not  been  found  in  ar  •• 
other  17-D  strains  Hardy  (2)  demonstrated  at¬ 
tenuation  of  the  Asibi  main  for  monkeys  with 
viral  isolates  obtained  after  serial  passage  in  HeLa 
cells.  In  keeping  with  the  general  subject  of  this 
symposium,  we  should  like  to  present  some  ob¬ 
servations  on  changes  in  the  properties  of  yellow 


fever  virus  that  were  discernible  upon  aerosolixa- 
tion  of  preparations  after  powth  in  HeLa  cells. 

A  major  consideration  in  determining  our  ex¬ 
perimental  approach  was  the  prevailing  lack  of 
information  on  the  behavior  of  airborne  virus 
that  previously  had  undergone  routine  pewagss 
in  cell  culture  in  the  laboratory.  Information  of 
this  kind  has  broad  appheadons  not  only  for  the 
viral  ganaririsi  but  for  those  who  are  engaged  in 
the  problems  of  laboratory  safety.  To  carry  out  a 
meaningful  study,  it  was  recognised  that  a  com¬ 
parison  of  properties  of  virus  when  in  suspension 
with  those  of  virus  that  was  asrosoliaed  was 
needed-  The  results  will  show  that  the  dominant 
characteristic  of  virus  that  was  serially  passed  in 
cell  culture  was  its  decline  in  virulence.  Other 
prof  srties  that  were  also  found  to  change  ap¬ 
peared  to  vary  in  parallel  with  the  loss  in  viru¬ 
lence.  It  seems  probable  that  some  of  these 
alterations  may  have  resulted  in,  or  at  least 
contributed  to,  the  decline  in  capability  of  the 
virus  to  induce  lethal  infections. 

ExmnoNTAL  Affroach 

Two  years  ago  at  Fort  Detrick,  Hardy  (2) 
demon  Mj  a  ted  that  his  strain  of  yellow  fever 
virus,  which  was  ordinarily  noncytopathic  in  cell 
culture  and  lethal  for  monkeys,  induced  cell  lysis 
and  became  attenuated  for  these  animals  after 
six  serial  passages  in  HeLa  cells.  Subsequently, 
results  reported  by  Miller  et  al.  (7)  indicated  the 
feasibility  of  performing  studies  on  aerosotiaed 
yellow  fever  virus  after  it  had  proliferated  in  HeLa 
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Tarli  I  Properties  of  typical  and  atypical  yellow  freer  tins  population  obtained  after  one  and  three 

serial  pasta?**  in  HeLa  relit 
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*  Relative  humidity. 

*  ‘Typical”  viral  population,  representative  of  harvest*  obtained  in  II  of  12  experiments. 

*  "Atypical"  viral  population,  representative  of  a  harvest  obtainad  in  I  or  12  experiment*. 

*  'Typical"  viral  population,  representative  of  harvests  obtainad  in  four  of  six  axparimanu. 

*  "Atypical"  viral  population,  representative  of  hamau  obtainad  in  two  of  tix  experiment*. 


oaUt.  Eacoureaad  by  the  results  of  than  efforts, 
we  designed  experimanta  to  characterise  proper¬ 
ties  of  yaOow  fovar  virus  in  greater  detail  during 
aerial  paaaaaa  in  call  culture  An  afftort  waa  made 
during  tbia  work  to  atudy  properties  of  virua  in 
both  the  pre>  and  poataaroaoliaad  atata  and  to 
datarndna  whether  any  oorralatioo  eadatad  among 
the  propertiaa  that  wan  altered  aa  a  fault  of 
paaaage  in  vitro.  It  waa  found  that  the  viral 
rirangra  that  were  reported  by  Hardy,  aa  well  aa 
additional  previously  undaacribed  rhangaa,  ac¬ 
tually  began  to  occur  aa  early  aa  the  third  aerial 
peerage  in  HeLa  celia.  We  observed  alteration*  In 
the  ability  of  the  virua  to  pow  and  *ft| 
lysis  in  HeLa  cell  monolayer*,  confirming  Hardy1* 
published  work.  We  also  found  rhangaa  in  the 
stability  of  infected  ceil  culture  preparations  upon 
aaroeoMaation,  and  in  the  level  of  virulence  of 
such  products  for  rhesus  monkeys. 


Altuahons  in  Vuul  Pnonana  Arm 
Cultivation  in  HiU  Colls 

Recovery  of“Typkat'  end  "AtypieaT  First-  and 

Third -Fauns*  Kira/  Populations 

During  the  course  of  our  first  senes  of  studies, 
viral  products  that  were  prepared  in  the  same  or 
similar  manner  during  either  one  or  three 
did  not  repeatedly  demonstrate  the  tame  prop* 
erties.  In  other  words,  although  the  majority  of 
viral  populations  behaved  in  a  typical  fashion,  in¬ 
frequent  atypical  populations  could  be  recovered 
Then  proved  to  be  fortuitous  events,  because  this 
not  only  allowed  for  an  assessment  of  the  dif¬ 
ferences  between  typical  one*  and  three- passage 


harvests,  but,  by  studying  the  incidence  of  varia¬ 
tion  among  propevtin  of  typical  and  atypical  viral 
populations  prepared  at  the  same  peerage  level, 
we  were  abk  to  gain  some  insight  into  possible 
relationships  that  existed  among  individual 
genetic  markers  Of  considerable  internet  was  the 
indication  that  certain  of  the  properties  that  wen 
encountered  in  vitro  could  be  correlated  with 
properties  displayed  by  the  virus  in  aerosols. 
Examples  are  shown  in  Table  1. 

It  can  be  seen  that  typical  first-passage  prep¬ 
arations  poraaraod  titan  of  approximately  10' 
MKXOw  that  were  obtained  oa  day  3  in  the  ab¬ 
sence  of  cell  lysis.  This  preparation  showed 
maximal  stability  during  aeroaotiaiuon  at  30% 
relative  humidity  (RH)  and  was  lethal  for  mon¬ 
keys  by  the  respiratory  route.  In  contrast,  typical 
third-passage  preparations,  rapreaaated  in  the 
third  column,  possessed  titers  of  19  wcu>m  (or 
grealer)  that  were  obtained  on  day  3  stranded  by 
cell  lysis.  The  viral  recoveries  obtained  at  30% 
RH  eras  significantly  lower  (P  <S%)  than  those 
obtained  at  80%  RH  These  preparations  were 
not  lethal  for  monkeys  by  the  respiratory  route. 
In  column  two,  properties  of  an  atypical  fbst- 
patragr  preparation  are  shown.  A  1-tog  increase 
in  titer  to  19  mcld*  was  obtained  at  day  3, 
accompanied  by  cell  lysis.  This  preparation  was 
significantly  less  arable  (P  <5%)  at  30%  RH 
than  at  80%  RH,  but  it  was  lethal  for  monkeys. 
Atypical  third-passage  preparations  showed 
maximal  titers  of  about  19  mcuh*  at  day  3  and 
did  not  induce  cell  lysis.  This  virus  was  not  ap¬ 
preciably  affected  by  changes  in  RH,  although 
the  overall  viral  recoveries  appeared  slightly  de¬ 
creased,  and  it  was  not  lethal  for  monkeys. 
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T  011  2.  Summit  r\  of  r  Saner  \  In  proper! in  of  yellow  frrtr  rims  (Aslbi  Minim  i  In  Hr  La  trll  ntlmm 
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Negative 
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*  Cell  rounding,  increase  in  density,  and  detachment  from  glass 

*  Effect  of  ecrosoluation  on  virus  at  SO*,  relative  humidity. 

‘  By  caposure  to  infected  aerosols. 


Cp fMyMfifon  of  ytrmt  Properties  After  Pint  and 
Third  Passage 

Some  of  the  properties  that  were  established  for 
the  various  viral  harvests  appeared  to  be  doaeiy 
related  to  one  another.  An  attempt  to  represent 
this  is  shown  in  Tmhk  2  and  by  the  following 
axampiM.  (i)  Virus  grown  alter  one  passage  In 
HeLa  edit  (approximately  10’  mkxdm  in  3  days) 
was  virulent  for  monkeys.  Conversely,  virus 
grown  in  HeLa  cells  altar  three  serial  passages 
(10*  or  greater  miclom  in  3  days)  was  attenuated 
for  monkeys,  (it)  Virus  that  had  shown  a  cyto- 
pathk  effect  was  adversely  affected  by  aeraaottm- 
tion  at  30%  RH.  but  virus  that  did  not  induce  a 
CPE  was  unaffacted.  (iii)  Viral  harvests  that  tailed 
to  show  maximal  titers  in  excess  of  I0>  mscldh, 
despite  soma  degree  of  increased  adaptation  in 
H*La  oaila  (maximal  titer  at  day  3),  did  not  in¬ 
duce  a  cytopathic  ettact;  harvests  that  contained 
liters  of  1(P  mkxOm  or  greater  induced  a  cyto 
pethic  effect  in  culture. 

The  results  of  these  experiments  ateo  sugptad 
that  flrat-paaeage  viral  preparations  were  stabi¬ 
lized  more  easily  than  the  third-passage  prepara¬ 
tions;  1  of  12  of  (he  former  populations  behaved 
atypicatty.  whereas  2  of  6  of  the  latter  proved  to 
be  atypical.  The  atypical  viral  harvests  shared 
properties  with  both  the  typical  first-  and  third- 
passage  preparations,  and  appeared,  therefore, 
to  represent  intermediate  viral  populations  Addi¬ 
tional  work  toward  the  further  eturidsuon  of 
such  populations  was  indicated.  Since  muhipie- 
p— g»  preparations  gsve  the  greatest  indication 
of  genetic  instability,  we  concentrated  our  experi¬ 
mental  effort  chiefly  on  characterizing  the  proper¬ 
ties  of  viral  harvests  of  this  type. 

FifaTMix  Stum*  on  Viral  Populatkm  Arm 
Ons  Passage  in  HeLa  Cslls 

Studies  on  virulence  were  expanded  to  include 
a  comparison  between  rates  of  infectivity  after 
administration  of  virus  by  the  intrs peritoneal  (ip) 
as  well  as  the  respiratory  route.  To  accomplish 


Tabu  J  Pnponse  of  monk  ryt  to  freer  rim 
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*  Virus  administered  by  respiratory  route. 

*  Virus  administered  by  imraperiloncal  route. 

*  Infective  without  lethality;  resistant  to  a 
multiple  lethal  challenge  dose  of  mouse  brain  seed 
given  imrsperitofleelly. 

*  Number  of  monkeys  affected  per  number 
treated  with  virus. 

*  Not  tested. 


this,  peded  doses  of  the  tame  viral  preparation 
isolated  from  HeLa  cells  were  administered  to 
monkeys  by  either  route;  survivors  were  chal¬ 
lenged  ip  21  days  later  with  a  multiple  lethal  dose 
of  a  mouse  brain  virus  seed  to  determine  whether 
the  original  administration  of  vim  had  sub- 
clinically  infected  the  animals.  The  first  series  of 
tests  with  this  experimental  protocol  was  carried 
out  with  first-passage  materiel  to  obtain  base-line 
information  with  which  to  compare  the  third- 
passage  preparations  to  be  reported  bier 

Properties  of  Pre-  and  Postotrosoiised  Popuhiknu 
After  One  Passage  1 

The  results  of  these  tests  are  represented  in 
Table  3.  Doses  given  by  the  respiratory  route 
represent  average  values  from  several  experi¬ 
ments  They  show  that  doses  of  approximately  30 
Mtcu>w  given  by  either  route  were  lethal  for  the 
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tot  monkeys  Doees  of  approximately  S  mki.d* 
of  Mroaottwd  virus  were  lethal  for  one-half  of  the 
exposed  monkey*.  A  dree  of  4  mklom,  however, 
was  lethal  for  three  of  four  monkeys  injected  by 
the  ip  route.  Three  of  six  monkeys  succumbed 
when  given  a  dote  of  0.4  and  one  of  three  monkeys 
succumbed  with  a  dose  of  0.04  micuh*. 

Animals  that  survived  viral  acroeob  showed  no 
evidence  of  having  been  infected.  This  was  shown 
by  the  (act  that  time  monkeys  that  failed  to  suc¬ 
cumb  to  respiratory  doses  renting  from  1  to  10 
MCLDm  also  failed  to  resist  tiie  ip  challenge  with 
a  multiple  lethal  dose  of  suckling  mouse  brain 
virus.  Thus,  the  does  that  was  necessary  to  infect 
appeared  to  be  vary  close  if  not  identical  to  the 
doee  necessary  to  causa  a  lethal  illness. 

Two  of  three  monkeys  resisted  s  lethal  chal- 
lange  of  virus  after  they  survived  a  dose  of  0.4 
msclDn  given  by  the  ip  route;  one  of  two  monkeys 
that  survived  the  ip  dose  of  0.04  mcldm  was  not 
resistant.  Thus,  although  there  was  some  evidence 
that  Infection  by  the  ip  route  sens  not  invariably 
fetal  with  very  low  doses,  it  appears  that  the 
median  lethal  does  and  the  median  infectious  dose 
values  obtained  by  the  ip  route  were  much  closer 
to  one  another  with  fast -passage  virus  than  those 
obtained  with  multiple-passaged  virus. 

Fuemtsa  Stums  un  Viral  Populations  Arm 
Multwli  Passaos  no  HeLa  Cells 

Scheme  of  Tests 

The  neat  series  of  experiments  was  directed 
toward  elucidating  the  characteristics  of  viral 
populations  that  arose  after  multiple  serial  pas¬ 
sages  in  HcLa  calls.  Results  of  iest>  o.i  two  prep¬ 
arations  obtained  after  three  serial  passage*  in 
HeLa  cells  and  one  other  after  seven  passages 
will  be  presented.  The  following  test  scheme  was 
devised  for  each  viral  harvest  After  inoculation 
of  the  virus  in  culture,  that  is  to  ay,  during 
preparation  of  the  third-  or  seventh-passage 
harvests,  samples  were  obtained  from  the  culture 
and  titrated  daily  for  6  days  postinoculation  to 
establish  the  maximal  titer  and  tbs  time  post 
inoculation  of  its  occurrence.  During  that  time, 
the  cell  sheet  was  examined  microscopically  for 
evidence  of  cell  lysis.  Both  supernatant  fluid  and 
the  cetb  were  harvested  at  or  near  the  time  of 
maxi.nsl  viral  yields,  and  the  material  was  frozen 
in  glass  ampoules.  A  few  days  later,  a  sample  of 
this  viral  material  was  titrated  intracerebrally  in 
mice  and  by  the  ip  route  in  monkeys.  Then  the 
preparation  was  aerosolized  at  50  and  80%  RH. 
1  ne  amount  of  virus  that  could  be  recovered  in 
ie  aerosol  and  the  extent  to  which  the  property 
if  lethality  for  monkeys  was  decreased  after  the 
virus  was  airborne  were  determined  Values  for 


the  former  were  obtained  by  plotting  recovery 
values  at  intervals  during  the  60-nun  period  fol¬ 
lowing  aerosoliation 

Virulence  for  monkeys  was  ascertained  by  ex¬ 
posing  these  animals  at  various  intervals  after 
rendering  the  agent  airborne.  Differences  in 
dosage  were  obtained  by  exposing  the  monkeys 
to  clouds  of  various  ages,  (he  older  the  cloud  the 
smeller  the  dose.  Imptnger  fluids  were  collected 
at  intervals  corresponding  to  those  during  which 
the  monkeys  were  exposed,  and  these  samples 
were  injected  ip  into  monkeys  in  such  a  manner 
met  the  same  theoretical  viral  dose  was  adminis¬ 
tered  to  duplicate  monkeys  by  cither  the  respira¬ 
tory  or  ip  route.  As  in  previous  experiments,  any 
monkey  that  survived  the  administration  of  the 
viral  prepare  lions  by  either  route  was  challenged 
21  days  later  with  a  multiple  lethal  doee  of  a 
mouse  brain  virus  seed.  Two  uninfected  control 
monkeys  also  were  challenged  in  the  same  man¬ 
ner.  The  data  preeantad  in  Table  4  show  the 
results  obtained  with  one  Ihird-pesiege  prepare 
lion 

Properties  of  Prr-  and  PosueroaoUted 
Third- Postage  Wlral  Populations 

In  Table  4,  the  data  are  divided  into  two  main 
eections.  On  the  Wt  are  the  results  of  injecting 
monkeys  intraperitoncelly  with  a  third-passage 
HcLa  cell  preparation  prior  to  its  aerosoliiation. 
The  most  striking  feature  of  these  data  is  the  lack 
of  a  clear-cut  end  point  in  the  lethality  pattern. 
Doees  ranging  from  3  to  3,000  mcluh  were  lethal 
for  one-half  of  the  monkeys  tested.  All  survivors 
were  resistant  to  a  mu  tuple  lethal  dose  of  virus 
given  21  days  later  as  an  ip  challenge.  Two  other 
monkey*  that  were  originally  injected  with  0.3 
miclOh  evidently  were  infected  tubclinically, 
since  they  also  n  listed  the  lethal  challenge.  The 
dose  of  0.03  Mtru>M  apparently  failed  to  infect 
the  monkeys. 

On  the  right  side  of  Table  4  are  the  ramtlu  of 
administering  aerosolized  virus  to  monkeys. 
Shown  are  the  doses  expressed  as  the  number  of 
mcldm,  the  RH  employed  during  aeroaoliation 
of  the  virus,  the  lethidity  and  infectivity  resulting 
from  exposing  the  monkeys  to  aerosolized  v  inti 
and  the  lethality  and  infectivity  of  the  imptnger 
fluid  into  which  the  various  viral  closes  were  col¬ 
lected  posuerosoliation. 

These  data  show  once  again  that  a  clear-cut 
end  point  in  the  lethality  pattern  did  not  occur 
with  either  route;  this  was  especially  evident  in 
monkeys  exposed  by  the  respiratory  route. 
Mot  cover,  there  was  no  consistent  difference  in 
the  incidence  of  lethality  at  SO  and  80%  RH. 
This  corresponds  to  the  lack  of  any  difference 
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2.551-1.25* 

m 

0  2 

2  2 

2  2 

. 

j.tnn 

I  2 

1  1 

80 

0.2 

2  > 

2  2 

. 

JOO 

1  2 

1  1 

III  54 

so 

0  2 

2  2 

0/2 

2/2 

JO 

1  2 

1  1 

80 

12 

II 

2/2 

— 

J 

0  2 

V  1 

15  6 

so 

i  0.2 

2/2 

n  j 

2/2 

0  5 

o : 

2  2 

so 

0  2 

2  2 

12 

ii 

ft  OJ 

0  2 

0  2 

2  <1 

so 

0,2 

0  2 

0  2 

0.2 

i 

80 

,  0  2 

2  2 

0  2 

2  2 

*  Lethal  for  monkey  % 

4  Infective  without  lethality ;  resistant  to  a  multiple  lethal  challenge  dove  of  mouse  brain  wed  given 
intraperitoncally. 

'  Number  of  monkeys  affected  per  number  treated  with  virus. 

between  the  per  cent  viral  recover  tea  that  were  the  previous  findings,  aau;  on  the  left  side  of  the 

obtained  at  either  humidity  .  Despite  this,  how-  table  obtained  with  preeerosolired  virus  show 

ever,  tlie  RH  effect  might  have  been  an  influcnc-  once  again  the  lack  of  a  clear-cut  cod  point  in 

ing  factor  in  the  incidence  of  noniethal  infections  the  lethality  pattern  On  the  right  side  of  the 

in  monkeys.  For  example,  in  the  lowest  dose  table,  it  can  be  seen,  in  contrast  to  the  previous 

range,  no  animals  became  infected  when  exposed  third-passage  preparation,  that  no  appreciable 

to  aerosols  at  30*' t  RH.  At  80rr  RH,  however,  lethality  was  obtained  by  Ihe  respiratory  route, 
one  of  two  monkeys  succumbed,  and  the  survivor  Some  lethality  was  found,  Itowever,  after  injecting 

was  resistant  lo  the  lethal  challenge  After  inject-  the  impingcr  fluids  by  the  ip  route,  the  lethality 

ing  impinger  fluids  by  the  ip  route,  a  slight  in-  that  occurred  with  the  ip  route  appeared  to  be 

crease  may  have  occurred  in  the  incidence  of  in-  more  pronounced  et  the  80^  RH  Similarly,  the 

fecuvity  at  80 RH.  Additional  evidence  of  this  incidence  of  infectivity  was  greater  with  very  low 
is  shown  in  data  presented  in  Table  S.  doses  of  this  viral  preparation  after  it  was  aero- 

In  Table  5,  the  results  of  tests  vith  a  second  soli  red  at  BO'T  RH  and  administered  by  either 

third-passage  preparation  are  shown  As  with  route  than  when  it  was  ^erosolired  at  J0rf  RH. 
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Table  6.  Response  of  monkeys  to  yellow  fever  virus  given  by  intraperiloneul  or  respiratory  routes  after 

seven  serial  passages  lit  HeLa  cells 


Prt*ero*olixAtion  PotuenHolUntion 


Done  (uicum) 

Lntraperitooeai  ; 

Done  (mruiM) 

RH  r.) 

Rn}vir»(ory 

I  ntra  peritoneal 

Leth* 

Inf*  | 

Lech 

nf 

Leth 

Inf 

700,000 

0/2* 

2/2 

2,108-1,198 

50 

02 

2/2 

0'2 

2/2 

70,000 

NT' 

NT 

! 

80 

0  2 

2/2 

0/2  , 

2/2 

7,000 

700 

0/2 

2/2 

277-93 

50 

0  2 

2/2 

0/2 

2/2 

NT 

NT 

80 

0  2 

2/2 

0/1 

1/1 

70 

0/2 

2/2 

12-4 

50 

0  2 

2/2 

0/2 

2/2 

7 

NT 

NT 

80 

0  2 

2/2 

0/2 

2/2 

0.7 

0/2 

2/2 

i  !-<l 

50 

0  2 

0/2 

0/1 

I/I 

0.07 

0.007 

NT 

0/2 

NT 

0/2 

80 

0  2 

2/2 

0/2 

2/2 

*  Lethal  Tor  monkeys. 

*  Infective  without  lethality;  resistant  to  a  multiple  lethal  challenge  dose  of  mouse  brain  seed  given 
intrapcritoneally. 

*  Number  of  monkeys  affecti  1  per  number  treated  with  virus. 

*  Not  tested. 


Table  7.  Number  of  nicidm  necessary  to  produce  infectivity  with  or  without  lethality  after  passage  in 

HeLa  cells 


Preaerosolicatkm 

; 

t  a  e  rosol  ixal  ion 

PuMft  DO. 

Iotraperitooeal 

RH  (%> 

Respiratory 

Intia  peritoneal 

Leth* 

Inf* 

Leth 

Inf 

Leth 

Inf 

1st 

0.04 

0.04 

50 

5 

5 

NT 

NT 

80 

5 

5 

NT 

NT 

3rd  (1) 

3 

0.3 

50 

3 

3 

3 

<1 

1 

80 

<1 

<1 

210 

<1 

3rd  (II) 

50 

0.5 

50 

>1,239 

6 

>1,239 

<1 

i 

80 

210 

<1 

12 

<1 

7th 

>700,000 

0.7 

50 

>2,108 

12 

>2,108 

1 

i 

80 

>1,098 

<1 

>1,098 

<1 

•  Lethal  for  monkeys. 

*  Infective  without  lethality;  resistant  to  a  multiple  lethal  challenge  dose  of  mouse  brain  seed  given 
intraperitoneally. 


Properties  of  Pre -  and  Postaerosolized 
Seventh- Passage  Viral  Population 

The  final  test  was  carried  out  with  a  seventh- 
passage  preparation,  which  resulted  from  a  con¬ 
tinuation  of  serial  passages  from  the  first  of  the 
third-passage  harvests.  Results  of  this  test  shown 
in  Table  6  revealed  that  an  increase  in  the  at¬ 
tenuation  of  the  virus  had  occurred;  no  lethality 
was  encountered  with  either  the  pre-  or  post- 
aerosolized  viral  preparations.  The  incidence  of 
infectivity,  as  shown  by  immunity  to  the  lethal 
challenge,  however,  did  not  appear  to  have  de¬ 
clined. 


Comparison  of  Properties  of  Viral  Populations 
After  Multiple  Passage  in  HeLa  Cells 

In  Table  7,  we  have  summarily  compared  the 
main  points  of  interest  of  the  three  viral  prepara¬ 
tions.  All  of  the  values  are  expressed  as  the 
minimal  number  of  mkxdh  that  were  shown  to 
have  induced  either  a  lethal  or  nonlethal  infection 
in  monkeys.  The  data  show  that  the  pre-  and  post- 
aerosolized  first-passage  HeLa  cell  preparation 
proved  to  be  a  comparatively  efficient  inducer  of 
lethality,  although  somewhat  more  virus  ap¬ 
peared  to  be  necessary  to  infect  monkeys  by  the 
respiratory  route  than  by  the  ip  route.  There  did 
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not  appear  to  be  a  significant  difference  between 
the  viral  response  to  either  RH. 

The  Ant  of  the  third-passage  Hel  a  cell  harvests 
showed  a  decreased  level  of  lethaht;  for  monkeys 
when  administered  by  either  route.  As  the  data  in 
Table  4  had  indicated  previously,  the  assessment 
of  the  virulence  of  this  preparation  was  greatly 
influenced  by  an  apparent  interference  phenome¬ 
non  that  was  expressed  as  a  partial  inability  of 
this  virus  to  cause  lethality  over  a  wide  range  of 
doses.  Since  the  first-passage  preparation  did  not 
display  this  phenomenon  during  its  lethal  effect 
in  monkeys,  it  is  tentatively  concluded  that  the 
behavior  of  the  third-passage  harvest  in  this  case 
indicates  a  weakening  of  the  virulence  character 
as  a  result  of  serial  passage  in  HeLa  cells.  In¬ 
formation  derived  from  other  multiple-passage 
preparations  clearly  supports  this  view.  The 
second  of  the  third-passage  preparations  con¬ 
tained  virus  possessing  a  level  of  virulence  that 
had  declined  to  the  extent  that  it  failed  to  produce 
lethality  by  the  respiratory  route;  moreover,  it 
had  markedly  declined  in  its  efficiency  in  pro¬ 
ducing  lethal  illness  by  the  ip  route.  After  seven 
passages,  all  traces  of  lethality  for  monkeys  had 
vanished  from  the  viral  harvest.  In  all  of  the  viral 
preparations,  the  loss  in  lethality  was  not  ac¬ 
companied  by  a  loss  in  the  capability  of  the  virus 
to  immunize  the  animals. 

Discussion  and  Summary 

Manifestation  of  the  viral  "RH”  marker  was 
more  subtle  than  expected  in  the  two  third-pas¬ 
sage  and  seventh-passage  preparations.  In  prior 
tests  with  this  virus  in  our  laboratory  (4),  the 
effect  or  RH  was  readily  evident  in  experimental 
data  showing  that  statistically  significant  de¬ 
creases  in  viral  recoveries  were  encountered  upon 
aerosolization  at  30%  RH.  This  was  similarly 
found  to  be  the  case  with  recovery  values  for 
airborne  Colorado  tick  fever,  vesicular  stomatitis, 
neurovaccinia,  and  encephalomyocarditis  viruses 
as  reported  by  Watkins  et  at.  (12).  In  the  present 
results,  the  initial  recovery  values  were  not  as 
high  as  those  previously  encountered  in  our  lab¬ 
oratory.  and  it  became  necessary  to  use  other 
criteria  to  demonstrate  any  difference  that  may 
have  occurred  as  a  result  of  aerosolization  at  50 
and  80%  RH.  In  cases  in  which  conditions  were 
such  that  differences  could  be  demonstrated, 
serially  passed  virus  aerosolized  at  50%  RH  was 
the  least  active. 

The  first  of  the  third-passage  preparations 
provided,  at  first  glance,  what  might  appear  to  be 
an  exception  to  this.  The  dose  of  210  mkxo»  of 
the  impinger  fluid  at  80'<  RH  shown  in  Table  7 
as  that  necessary  to  produce  lethal  illness  in 


monkeys  by  the  ip  route  is  higher  than  that  neces¬ 
sary  to  produce  lethal  illness  at  50%  RH.  Two 
factors  appear  to  have  been  responsible  fra-  this. 
The  first  is  that  the  dose  of  210  mkldh  was  in¬ 
advertently  higher  than  that  planned.  On  the 
basis  of  other  data  obtained  under  similar  cir¬ 
cumstances,  the  same  clinical  response  would  be 
expected  to  have  been  achieved  with  a  much 
lower  dose.  Events  such  as  these  illustrate,  per¬ 
haps,  an  important  disadvantage  in  using  the 
small  number  of  animals  that  is  usually  necessary 
when  monkeys  must  be  employed. 

In  summary,  the  data  presented  in  this  paper 
clearly  indicate  that  a  pronounced  loss  of  viru¬ 
lence  rapidly  occurred  when  yellow  fever  virus 
was  aerially  passed  in  HeLa  cells.  By  as  early  as 
the  third  passage,  viral  populations  berome 
demonstrably  weakened  in  their  ability  to  induce 
lethal  illness  in  rhesus  monkeys  by  either  the  ip 
or  respiratory  route.  At  this  passage  level,  very 
high  humidities  were  necessary  to  sustain  even 
some  semblance  of  lethality.  Passage  of  <he  virus 
in  cell  culture,  however,  did  not  appreciably  re¬ 
duce  the  ability  of  the  virus  to  induce  an  im¬ 
munity  in  these  animals. 

From  a  genetic  viewpoint,  it  is  of  considerable 
significance  that  the  third-passage  preparations 
were  highly  unstable.  It  is  not  surprising,  there¬ 
fore,  that  many  of  these  viral  populations  pos¬ 
sessed  properties  that  varied  to  some  extent  from 
each  other,  not  only  in  their  degree  of  attenua¬ 
tion,  but  also  in  their  response  to  50%  RH,  and 
in  their  ability  to  cause  a  cytopathic  effect  in  cell 
culture.  In  s  previous  publication  (4),  we  noted 
that  atypical  first-passage  and  atypical  third- 
passage  viral  populations  that  had  been  studied 
up  to  that  time  shared  no  properties  with  each 
other.  This  was  unexpected,  since  both  of  these 
presumably  represented  viral  forms  that  were 
intermediate  to  the  virulent,  aerosol-stable  form 
and  the  attenuated  aerosol-unstable  form. 
Studies  on  third-passage  populations  that  were 
rcco'  end  and  studied  since  then  have  supported 
the  view  that  these  viral  populations  do  represent 
truly  intermediate  forms.  Furthermore,  the  data 
indicate  that  when  a  sufficient  number  of  these 
unstable  viral  populations  were  examined,  atypi¬ 
cal  intermediate  forms  that  shared  some  of  their 
properties  with  each  other  could  be  revealed. 
The  genetic  determinants  for  the  viral  properties 
that  we  have  examined,  therefore,  are  probably 
in  close  relationship  to  one  another  but  obviously 
not  linked. 

The  results  of  these  studies  raise  the  question 
of  whether  viral  isolates  of  reduced  virulence 
may  be  commonly  acquired  after  passage  in  cell 
cultures.  Viral  mutants  with  either  lowered 
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virulence  or  decreased  stability,  or  both,  might 
be  easily  selected  in  an  in  vitro  system.  The  use  of 
such  mutant  populations  could  reduce  the  danger 
of  airborne  contamination  of  laboratory  workers, 
experimental  animals,  and  other  viral  or  cell  cul¬ 
ture  materials.  Venezuelan  equine  encephalo¬ 
myelitis  virus,  another  arbovirus,  has  been  shown 
to  lose  its  virulence  in  vivo  as  a  result  of  its  serial 
passage  in  vitro  (3,  5).  The  question  of  whether 
this  applies  to  other  arboviruses  can  be  drier- 
mined  only  after  an  adequate  number  of  suitable 
teste  have  been  performed 
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Discussion 

K.  C  WINKLER 

Faculty  of  Medicine,  Rljksunlversltelt  tc  Utrecht,  Utrecht,  Netherlands 


Your  supposition  that  a  Dutch  bacteriologist 
would  have  more  experience  of  yellow  fields  of 
tulips  than  of  yellow  fever  is  absolutely  correct. 
It  is  thus  with  great  respect  that  I  have  read  the 
careful  and  laborious  experiments  of  Dr.  Hearn 
on  which  he  certainly  is  to  be  complimented. 

Dr.  Heam  described  variations  in  yellow  fever 
virus  after  passage  in  HeLa  cells:  (i)  variation  in 
growth  rate,  growth  capacity,  and  the  appearance 
of  cytopathic  effects;  (ii)  attenuation  of  virulence 
for  monkeys;  and  (iii)  variation  in  aerosol  sta¬ 
bility.  These  correlations  are  obvious  and  im¬ 
portant.  The  HeLa  cultures  were  passed  at  high 
multiplicity  so  that  mixed  populations  were 
studied  Consequently,  the  bulk  of  the  particles 


in  the  atypical  first  passage  (aTy  1)  might  well 
have  lost  the  lethality  for  monkeys,  but  the  popu¬ 
lation  might  still  contain  a  few  per  cent  of  virulent 
particles,  Again,  the  difference  between  the  Ty  3 
and  aTy  3  might  be  due  to  interference  or  a  von 
Magnus  pltenomenon.  Thus,  though  the  popula¬ 
tions  seem  unstable,  the  variants  might  be  quite 
stable  genetically,  Admittedly,  yellow  fever 
virology  is  very  difficult,  but,  unless  these  variants 
are  isolated  from  single  plaques  or  passed  at 
limiting  dilutions,  it  is  difficult  to  discuss  these 
variations  in  terms  of  genetic  markers.  I  sincerely 
hope  that  Dr.  Heam  will  find  opportunity  in  the 
future  to  work  in  this  direction. 

The  aerosol  work  is  again  of  the  highest  level. 
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The  monkeys  were  exposed  to  aerosols  of  differ¬ 
ent  ages.  The  dose  was  expressed  in  terms  of 
miclDm.  (Let  us  hope  this  unit  is  constant  before 
and  after  HeLa  passage  or  aerosolization.)  This 
means  that,  especially  at  lower  doses,  the  monkeys 
receive  a  few  viable  particles  and  very  many 
inactivated  particles.  Whether  these  inactivated 
particles  still  contain  active  ribonucleic  add  is  not 
known.  It  might  well  be  then  that  the  targe  num¬ 
ber  of  inactivated  particles  in  these  experiments 
produced  some  kind  of  interference.  The  addi¬ 


tional  attenuation  by  aerosolization  itself  (Table 
5)  might  also  point  in  this  direction.  It  would  be 
interesting  to  know  what  happened  when  mon¬ 
keys  were  exposed  to  various  doses  of  aerosols  of 
the  same  age. 

All  thir.,  of  course,  detracts  nothing  from  the 
fact  that  an  important  step  has  been  taken  in  the 
direction  of  immunization  with  an  a  virulent 
yellow  fever  virus.  In  this  connection,  it  would 
be  important  to  know  whether  this  virus  could 
multiply  in  mosquitoes. 
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Introduction 

In  reoeot  years,  the  efficacy  of  aerosol  vaccina- 
tioo  against  a  variety  of  infectious  diseases  has 
been  demonstrated  in  experimental  animals  and 
man.  These  diseases  include  Newcastle  dbaaae 
(14),  distemper  (11),  tuberculosis  (7,  20),  tu¬ 
laremia  (9),  measles  (IS,  21,  25),  Venezuelan 
equine  encephalitis  (29),  and  influenza  (28,  30). 
Combined  aerosol  vaccination  against  Newcastle 
ffiaaase  and  infectious  bronchitis  (19)  and  tu¬ 
laremia  and  Venezuelan  equine  encephalitis  (16) 
also  has  been  effective  in  experimental  animals. 
Russian  investigator*  (1-3)  have  reported  highly 
effective  immunization  of  animals  and  man  ex¬ 
posed  acroganictHy  to  dried  living  vaccines 
against  anthrax,  brucellosis,  plague,  and  tu¬ 
laremia. 

The  vaccines  employed  in  the  above  studies 
consisted  mainly  of  viable  attenuated  organisms 
or  their  spores.  Our  studies  were  concerned  with 
the  immunological  response  following  inhalation 
of  a  soluble  antigen-tetanus  toxoid.  Tetanus 
toxoid  is  universally  accepted  as  an  effective  im¬ 
munizing  antigen.  Experience  during  World  War 
II,  when  active  immunization  with  this  vaccine 
was  first  employed  on  a  large  scale  for  American 
and  British  forces,  attests  to  its  almost  complete 
effectiveness  in  preventing  tetanus  (26).  Although 
the  initial  conventional  course  of  three  doses  pro¬ 
vides  long-lasting  immunity  (possibly  for  10  years 
or  more),  reinforcing  doses  are  invaluable  for 
maintaining  the  titer  of  circulating  antitoxin. 

Studies  in  the  USSR  (23)  have  shown  that 
a  erogenic  administration  of  diphtheria  toxoid  to 
experimental  animals  or  man  is  an  effective  revac¬ 
cination  procedure  after  subcutaneous  vaccina¬ 
tion.  A  marked  and  prolonged  rise  in  antitoxin 
titer  was  seen  in  guinea  pigs  and  rabbits  adminis¬ 
tered  an  aerosol  booster  of  fluid  toxoid  S.5  and  3 
months  after  subcutaneous  inoculation  with 
tiluminum  hydroxide-adsorbed  diphtheria  toxoid 
(Table  1).  The  experiments  were  conducted  in  a 


600- liter  chamber.  Purified  concentrated  toxoid 
with  a  potency  of  2,100  units  per  ml  was  dis¬ 
persed  by  means  of  a  mechanical  atomizer  for  60 
min. 

By  increasing  the  cloud  concentration  with 
toxoid  electrically  atomized  with  ultrasound  in  n 
30-liter  chamber,  ths  Russian  scientists  reduced 
the  period  of  aerosol  exposure  (23).  A  reduction 
in  aerosol-exposure  time  from  30  min  to  10  to  20 
min  had  no  effect  upon  the  antibody  response  in 
guinea  pigs  administered  an  aerosol  boaster  3  to 
4  months  after  subcutaneous  inoculation  with  6 
units  of  adsorbed  diphtheria  toxoid  (Table  2).  A 
marked  increase  in  antitoxin  titer  also  was  re¬ 
ported  to  occur  in  guinea  pigs  even  after  an  ex¬ 
posure  period  of  1  to  2  min.  A  member  of  their 
laboratory  staff  was  reported  to  have  shown  a 
marked  rise  in  antitoxin  titer  after  inhalation  of 
diphtheria  toxoid  for  5  min. 

Aerosol  revaccination  of  children  after  primary 
subcutaneous  inoculation  also  has  been  reported 
to  be  effective  (24) ;  undue  systemic  reactions  were 
not  observed.  On  the  other  hand,  an  allergic  re¬ 
action  was  reported  to  have  occurred  in  exposed 
adults.  Concentrated  dry  toxoid  given  only  as  a 
primary  dose  or  as  a  booster  after  subcutaneous 
vaccination  was  reported  to  produce  increased 
antibody  titers  in  rabbits  and  man  (1). 

Aerosol  Vaccination  with  Tetanus 
Toxoid 

Our  current  aerosol  vaccination  studies  with 
fluid  tetanus  toxoid  were  performed  with  Hartley 
strain  guinea  pigs.  Young  adult  guinea  pigs  of 
both  sexes,  weighing  300  to  470  g,  were  exposed 
to  predetermined  respiratory  doses  of  fluid  toxoid 
in  groups  of  five  to  eight  animals.  The  aerosol 
chamber  consisted  of  an  approximately  300-liter 
plastic  hood  installed  within  a  biological  safety 
hood.  Purified  concentrated  fluid  tetanus  toxoid 
with  a  potency  of  2,405  limit  of  flocculation  (LX) 
units  per  ml  was  sprayed  with  a  University  of 
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Table  I.  Krlmimmlzatlon  by  Inhalation  of  diphtheria  toxoid  with  an  exposure  time  of  60  min* 


Animal.  !-V<£: 


I 

SobcwiRtom  tewnuai-  j 

{  i 

j  Utrrval  b«t«m '  >bu  tnutorin 

- -  ltfc»  ftnl  Inmmul-  ,  if im  More 

i  „  ...  .  «tU «•  ud  Ikt  nimmmt- 

..  i  mS,fissr 

j  alter  Hkvta- 
imous  i»ocuUik* 


Mmi  aatitaxiD  Uten  'Mils  wu)  alter 
rrlmmuatattoft  by  tahakitoa  al  vaiteaa 
lima* 
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1  4 


Guinea 

pi«> 
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10 

7 


|  until 

30 

i  » 


2.64 

1.32 


5.3 

3 


until' mf 

0.36 

0.62 


74 

23.9 


118  I  82  71 
14.6: 


8.4;  3  !  I 

I  I  1 


34  i  18.2 

1.1 


*  Data  from  Muromtiev  et  al.  (23). 

Tabl.i  2.  Mt immunization  by  Inhalation  of  diphtheria  toxoid  with  dtf treat  exposure  timer 
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i  ’ 

6  K24  |  3  ! 
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0.96 
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93.2  88.1  i  99.3  | 

i  •  ! 

18.1 

fourth  . 

i  “  1 

6  i  1.16  4  , 

1  I  1 

|  0.97 

10-20 

83.2  j 

1  114.2  !  66.6  i 

27.5 

: 

•  Data  from  Muromttev  et  al.  (23). 


Chicago  Toxicity  Laboratory-type  atomizer.  The 
vaccine  contained  no  preservatives  and  was  ob¬ 
tained  through  the  courtesy  of  Eli  Lilly  A  Co. 
The  fluid  vaccine  was  fed  to  the  atomizer  by  a 
50- ml  syringe,  actuated  with  a  motor-driven 
piston  delivering  0.4  ml /min.  Filtered  air  was 
supplied  to  primary  and  secondary  inlets  of  the 
atomizer  at  a  flow  rate  of  approximately  1  ft*/ 
min. 

A  particle  discrimination  device,  a  British 
preimpinger,  was  used  in  the  sampler  system  to 
obtain  information  on  the  particle  diameter  of 
fluid  toxoid  clouds.  The  preimpinger  was  fitted 
to  a  standard  all-glass  impinger  (AG1-30)  to 
select  particles  with  diameters  equal  to  or  less 
than  5  u  in  the  collecting  fluid  Physiological 
saline,  the  collecting  fluid,  was  assayed  for  toxoid 
concentration  by  the  flocculation  test.  Tetanus 
flocculating  serum  was  furnished  by  the  Division 
of  Biologies  Standards,  National  Institutes  of 
Health.  The  respiratory  dose  was  calculated  as 
the  product  of  the  aerosol  concentration,  minute 
volume  of  respiration  (27),  and  duration  of  ex¬ 
posure  Precalculated  respiratory  doses  were 
administered  by  varying  the  duration  of  aerosol 
exposure. 


Tails  3.  trimary  antibody  response  S  weeks  after 
aerosol  or  subcutaneous  vaccination  with  fluid 
tt  Hums  toxoid  and  survival  14  days  after  subcuta¬ 
neous  challenge  with  tetanus  toxin 
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<10-1,2*0  4  1 

57.1 
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9 

1,151 

300-4.(00  6* 

100.0 

IS 

4,409 

*00-19,200  «,» 

100.0 

‘Calculated  moratory  dote  <±1  LfJ.  <5g  ,««nickt. 

Primary  Aerosol  Vaccination  and 
Challenge 

The  primary  antibody  response  of  guinea  pigs 
after  inhalation  of  various  doses  of  aerosolized 
fluid  tetanus  toxoid  (particles  <  5  p)  and  survival 
data  taken  after  subcutaneous  toxic  challenge  are 
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Tuil  4.  Strum  hemagglutination  liter  ami  urrlrat 
of  aerosol -race Inattd  guinea  pigs  after  snb- 
at  intent  challenge  with  tetaimi  toxin 


ttmeaslalleiilin  tlur 

Serrlmt  star  cteUMW* 

Serrirm/ 

Mttl 

Nr  net 

<160 

3/29 

10.  J 

>160- <640 

S/8 

62.3 

>640 

11/11 

100.0 

summarised  in  Table  3.  The  duration  of  aaroaol 
expomre  varied  from  20  to  80  min.  Control 
aninadi  wen  vaccinated  with  fluid  toxoid  by  the 
subcutaneous  route.  Blood  sanvfee  for  eerologicul 
analysis  wen  obtained  by  cardiac  puncture  5 
weeks  after  vaccination,  and  the  guinea  pigs  wen 
chaUenged  1  week  later  with  10  guinea  pig  MLD 
of  tetanus  toxin  adminiatered  by  the  subcutaneous 
route.  The  maults  demonstrated  that  mean  eerum 
antibody  titan,  measured  by  the  passive  hemag- 
glutinetioo  (HA)  procedure  (31),  wen  lower 
after  inhalation  of  toxoid  than  after  subcutaneous 
inoculation  with  comparable  doaas  of  fluid  toxoid. 

A  mean  serum  HA  titer  of  approximately  326 
or  gee  ter  was  protective  against  subcutaneous 
r*«it«wg»  with  10  MLD  of  tetanus  toxin.  The  re¬ 
lationship  between  HA  titer  of  aerosol-vac¬ 
cinated  guinea  pigs  and  survival  after  toxic 
rt»n»»g»  fa  summarised  in  Table  4.  Guinea  pigs 


vaccinated  by  the  subcutaneous  route  had  titers 
ranging  from  300  to  19,200  and  did  not  succumb 
to  the  toxic  challenge  dose  (Table  3). 

One  possible  contributing  factor  to  the  range 
of  antibody  responses  following  aerosol  vaccina¬ 
tion  (Table  3)  may  be  variations  in  the  breathing 
capacity  or  pattern  of  individual  guinea  pigs. 
Since  minute  volume  of  respiration  was  not  de¬ 
termined  for  the  individual  guinea  pigs  and  is 
based  on  a  reference  value,  variations  may  be 
expected  to  occur  in  the  actual  inhaled  dose.  It  is 
unlikely,  however,  that  the  irregularities  in  anti¬ 
body  response  could  be  attributed  wholly  to  dif¬ 
ferences  in  breathing.  The  response  seen  with 
respiratory  doses  of  15  and  19  Lf  units  certainly 
should  have  been  eliminated  at  32  Lf  units  if  this 
were  the  only  explanation. 

The  position  of  the  animals  in  the  aerosol 
chamber  in  relation  to  the  atomizer  did  not  ap¬ 
pear  to  influence  the  antibody  response.  Cloud 
samples,  obtained  throughout  the  acroeoi  ex- 
powre  period,  wet*  quite  uniform  in  toxoid  con¬ 
centration,  as  determined  by  the  flocculation  test. 
Other  Awtors  which  can  influence  the  efficiency  of 
aerosol  immunization  ere  discussed  below. 

AlKOaOL  RSVACC3NATWN 

Results  from  experiments  to  evaluate  the 
secondary  antibody  response  following  inhalation 
of  atomised  fluid  tetanus  toxoid  ere  summarised 
in  Tables  3  end  6.  Guinea  pigs  were  bled  for  HA 


Tails  5.  Secondary  antibody  response  with  aerosol  booster  6  weeks  after  Inhalation  of  /hid  tetamu  toxoid 
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*  At  3  weeks  after  primary  vaccination. 

*  Geometric  mean. 
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Fkj  I.  Serum  kemaggiutinaling  antibody  response 
In  guinea  pigs  after  varctnailnn  series  with  fluid  tetanus 
toxoid  mbninistered  by  ike  respiratory  route. 


antibody  5  weeks  after  the  primary  vaccination 
and  1,  3,  and  10  weeks  after  the  aerosol  booster. 

Aerosol  revaccination  of  guinea  pigs  sensitised 
initially  by  the  respiratory  route  resulted  in  an 
enhancement  of  the  HA  antibody  response 
(Tfcbie  3).  The  range  of  titers  indicates,  however, 
that  adequate  sensitisation  was  not  achieved  in 
all  animals.  A  few  guinea  pigs  showed  essentially 
no  serum  antibody  response  after  either  primary 
or  secondary  aerosol  stimulation.  However,  when 
sensitization  was  adequate,  a  marked  enhance¬ 
ment  of  the  antibody  response  occurred  in  all 
guinea  pigs  after  secondary  aerosol  exposure  to 
tetanus  toxoid.  This  is  seen  with  animals  ad¬ 
ministered  a  primary  respiratory  dose  of  14  Lf 
units,  followed  by  an  aerosol  booster  with  3  Lf 
units  of  toxoid.  The  control  guinea  pigs  received 
respiratory  doses  approximately  equal  to  the 
total  doses  employed  in  the  revsccination  studies. 

Aerosol  revaccination  of  guinea  pigs  inoculated 
initially  by  the  subcutaneous  route  with  a  stand 
ard  dose  of  either  fluid  toxoid  or  alum-precipi¬ 
tated  toxoid  (Table  6)  was  more  effective  than 
respiratory-respiratory  vaccination.  In  this  case, 
adequate  sensitization  ol  all  guinea  pip  was 
achieved  prior  to  the  aerosol  booster.  The  re¬ 
sponse  was  superior  in  animals  receiving  the 
alum-precipitated  toxoid  preparation  as  the 
primary  sensitizing  dose 

In  another  experiment,  the  HA  antibody  re¬ 


Fki.  2.  Serum  kemaggiutinaling  antibody  response 
In  guinea  pigs  after  race  hurt  ton  series  with  flub!  tetanus 
toxoid  administered  by  combinations  of  subcutaneous 
and  respiratory  routes. 

sponse  was  followed  over  a  period  of  approxi¬ 
mately  8  months,  with  small  groups  of  guinea 
pip  revaccinated  by  the  aerosol  route  after  a 
combination  of  vaccine  treatments  with  fluid 
tetanus  toxoid.  The  mean  serum  HA  antibody 
response  was  measured  at  various  intervals  with 
pairs  of  guinea  pip  revaccinated  3  and  28  weeks 
after  the  primary  vaccination. 

The  mean  serum  HA  antibody  response  after 
a  vaccination  series  of  three  respiratory  doses  of 
fluid  toxoid  is  summarized  in  Fig.  1.  Although 
the  response  was  minimal  3  weeks  after  primary 
inhalation  of  4  or  8  Lf  units  of  fluid  toxoid,  re- 
vaccination  by  the  respiratory  route  resulted  in  a 
marked  enhancement  of  the  antibody  response 
after  secondary  and  tertiary  stimulations.  The 
mean  titer  prior  to  the  tertiary  respiratory  booster 
was  4,280  for  both  groups.  After  tertiary  inhala¬ 
tion  of  vaccine,  the  titers  of  the  individual  guinea 
pip  were  >192,000.  The  tout  calculated  res¬ 
piratory  dose  for  both  groups  was  approximately 
20  Lf  units.  A  subsequent  challenge  to  one  guinea 
pig  from  each  subgroup  with  10  MLD  of  tetanus 
toxin  administered  by  the  subcutaneous  route  did 
not  result  in  signs  of  tetanus  or  death  during  a 
14-day  observation  period.  Unfortunately,  one 
guinea  pig  from  each  group  (bed  from  the  intra- 
cardial  bleeding  procedure  prior  to  the  toxic 
challenge. 
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Figure  2  summarize*  the  mean  serum  HA 
antibody  response  after  respiratory  revaednaiion 
of  guinea  pits  initially  vaccinated  by  the  sub¬ 
cutaneous-subcutaneous  or  subcutaneous- respi¬ 
ratory  routes  with  fluid  toxoid.  The  total  dose 
administered  in  these  experiments  was  approxi¬ 
mately  22  Lf  units  The  antibody  rsaponsc  was 
enhanced  in  all  three  troupe  of  animals  after 
secondary  and  tertiary  stimulations  by  a  com¬ 
bination  of  subcutaneous  and  respiratory  treat¬ 
ments. 

Two  groups  of  guinea  pigs  administered  a  vac¬ 
cination  aeries  of  two  subcutanaoua  doaaa  fol¬ 
lowed  by  a  respiratory  dose  showed  comparable 
responses,  although  the  subcutaneous  doaaa  were 
given  in  different  combinations.  Prior  to  inhala¬ 
tion  of  the  vaccine,  the  mean  HA  titar  of  both 
groups  was  30,904.  After  the  respiratory  booster, 
the  individual  titers  of  the  guinea  pigs  ware 
>312,000. 

Guinea  pigs  receiving  the  subcutaneous-res¬ 
piratory  vaccination  serif,  showed  only  a  tran¬ 
sient  increase  in  titer  after  the  respiratory  booster. 
The  titer  essentially  dropped  to  in  prebooater 
level  by  the  6th  week  and  than  increased  to  23,600 
by  the  23th  weak  after  the  secondary  booster. 
This  “delayed  response, ’*  which  was  also  evident 
to  a  leaser  degree  in  animals  vaccinated  with 
si.mikr  doses  by  the  subcutaneous-subcutaneous 
routes,  baa  been  previously  reported  in  guinea 
pigs  after  two  injections  of  diphtheria  toxoid  (3). 
After  the  tertiary  aerosol  booster,  the  individual 
titer*  of  the  guinea  pigs  were  >236,000. 

The  long-term  antibody  response  therefore  was 
compare  bis  in  all  three  groups.  None  of  the 
guinea  pigs  responded  during  a  14-day  observa¬ 
tion  period  to  10  MLD  of  tetanus  toxin  adminis¬ 
tered  by  the  subcutaneous  route. 

PAItTICLE-SUZ  RSLATSONSNir 

As  reviewed  by  Langmuir  (18),  the  recognition 
that  respiratory  deposition  and  retention  of  in¬ 
haled  particles  vary  with  aerodynamic  particle 
size  is  perhaps  the  most  significant  finding  in 
aerobiology  during  the  past  two  decades. 

Recant  studies  by  several  investigator*  (6,  13, 
22)  indicate  that  the  critical  diameter  of  particles 
for  deep  lung  deposition  and  retention  it  1  to  5  jt 
Hatch  (13)  reported  that  deposition  of  inhaled 
particles  in  the  respiratory  spaces  of  the  lung 
occurs  with  the  highest  probability  with  particles 
1  to  2  m  in  diameter  (gravity  settlement)  and  with 
those  in  the  subnucroscopic  region  below  0.2  m 
(precipitation  by  diffusion).  Particles  larger  than 
5  m  may  not  reach  the  respiratory  bronchioles  and 
alveoli;  most  between  0.25  and  0  3  n  may  be 
exhaled. 


Tasli  7.  Abioimr  recovery  of  ladlmm  Anon  let  in- 
lelamn  loxoiJ  rtuod  parhrlts  «l  wrlam  t 
trial Irt  homtdltlr*  (£/#> 
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1  17  7  ±  3  2  19  5  ±  1.3  17  6  *  4  0 

4  9  I  *  3  0  1.9  *  0  3  8  3  *  |  7 

2  2.3  ±  0.4  3.1  ±  0.4  2ft  ±  0.6 

I  2.7  ±  1.0  1.6  *  0.3  13  *  0.2 

0.3  <2.4*10  0$  ±  0  3  0  3  ±01 

0.25  2.9  ±  1.2  0  7  ±  0  3  0  2  ±  0.1 

Total  42.9  ±  3.0  40.1  ±  18  36  8  ±  5  7 

No.  of  4  7  3 

trials 


Tbs  important*  of  aaroaol  panicle  sin  to  air- 
bores  pathogenesis  la  ilhtatrmtad  by  the 
reported  by  Goodlow  and  Leonard  (10).  Thsas 
invest iga tore  dsmonstratad  a  relationship  be¬ 
tween  particle  diameter  and  lo*  in  guinaa  pigs 
and  monJtay*  exposed  to  aerosols  of  fiutnsWh 
mferewrtr.  The  u>h  for  guinea  pigs  increased  by 
almost  4  logs  as  the  particle  diameter  increased 
from  I  to  12  *. 

The  critical  parameter*  for  Quantitative  char¬ 
acterisation  of  aerosols  have  bore  recently  sum¬ 
marized  by  Goodlow  and  Leonard  (10)  and 
Wolfe  (32).  Basic  parameters  such  as  particle 
sue  distribution,  physical  and  biological  decay 
rates,  age  of  aaroaol,  and  technique  of  aeroaolia- 
tion  are  critical  not  only  in  experimental  air¬ 
borne  infection  but  also  in  aaroaol  immunise  lion 

The  pankle-aut  distribution  of  tetanus  toxoid 
clouds  was  studied  with  a  BetteUe  immature 
cascade  impactor  (BMCI),  with  sodium  fluores¬ 
cein  as  a  physical  tracer.  Fhiorometric  assay  of 
each  stage  of  the  BMCI  was  performed  with  a 
Coleman  12C  electronic  photofluorometer.  Tables 
7  and  8  summarise  the  absolute  recovery  and  the 
cumulative  recovery,  respectively,  of  sodium 
fluorescein  from  each  stage  of  the  impactor  during 
16  trials  conducted  with  sodium  fluorescein- 
tetanus  toxoid  clouds  at  various  relative  humid¬ 
ities  The  sensitivity  of  the  particle-sizing  device 
did  not  allow  measurement  of  particles  in  the 
submicroscopic  region  below  0.25  it  Also,  since 
the  sensitivity  of  relative  humidity  measurements 
can  vary  by  approximately  5r<.  the  data  are 
grouped  arbitrarily  into  three  humidity  ranges. 

The  data  presented  in  Tabic  7,  expressed  as  the 
mean  absolute  recovery  or  sodium  fluorescein, 
suggest  higher  recoveries  of  particles  less  than 
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2  0  in  diameter  at  humidities  below  70%.  The 
tame  data,  ex  prewed  at  cumulative  per  cent  re¬ 
covery  in  Table  t,  indicate  a  timilar  trend  toward 
recovery  of  smaller  particles  at  humidities  below 
70%.  Since  only  a  few  trials  were  performed 
for  each  humidity  renas,  the  date  are  presented 
only  as  a  preliminary  conjecture  for  possibly 
retains  partide-siae  distribution  of  aerosolized 
fluid  tetanus  toxoid  to  degree  of  immunolopcal 
rtipocitf. 

In  a  preliminary  communication  (33),  we  re¬ 
ported  that,  after  inhalation  of  9  or  13  Lf  units 
of  toxoid,  three  of  eight  and  six  of  seven  guinea 
pigs,  respectively,  survived  a  challenge  of  10 
MLD  of  tetanus  toxin  given  subcutaneously  6 
weeks  after  the  primary  vaccination.  The  mean 
HA  titers  were  71  and  278  for  the  9-  and  15-Lf 
doses,  respectively,  3  weeks  after  vaccination 
The  primary  antibody  responses  at  3  weeks  from 
these  and  subsequent  aerosol  immunizations  are 
summarized  according  to  relative  humidities 
above  and  below  70'",  in  Table  9  The  data  sug 
gest  a  possible  relationship  between  panicle  size 
distribution  of  toxoid  as  a  function  of  relative 
humidity  and  degree  of  immunological  response 
Until  additional  trials  are  conducted  at  lower 
humidities,  however,  (he  results  are  not  conclu¬ 
sive 

One  of  the  critical  parameters  that  requires 
further  investigation  is  the  antigenic  stability 
of  aerosolized  tetanus  toxoid  at  various  relative 
humidity  ranges.  The  problem  of  aerosol  decay  is 
less  acute  in  a  continuously  generated  aerosol 
than  in  a  static  aerosol  As  indicated  earlier. 
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tetanus  toxoid  clouds  were  quite  uniform  in  their 
flocculating  capacity  throughout  aerosol  ex¬ 
posure.  Mean  nominal  per  cent  recoveries  of 
toxoid  as  determined  from  AGI-30  samplers 
were  7.6  and  6.6%  for  humidiiy  ranges  from  61 
to  70' and  71  to  80%,  respectively.  The  loss 
of  tetanus  toxoid  immunogenicity  wss  not  sig¬ 
nificant  when  guinea  pigs  were  inoculated  sub¬ 
cutaneously  with  aerosolized  toxoid  material 
collected  at  a  relative  humidiiy  of  approximately 
83%.  The  antibody  response  was  comparable  to 
that  achieved  in  guinea  pip  inoculated  subcutane¬ 
ously  with  equivalent  concentration*  of  stock 
fluid  toxoid  (Table  10). 

Many  other  (acton  should  be  considered  in 
relating  aerodynamic  particle  size  to  degree  of 
penetration  and  retention  in  the  lunp.  The 
breathing  pattern  and  capacity  of  the  experi¬ 
mental  animal  at  the  time  of  aerosol  exposure  may 
be  influenced  by  such  conditions  as  exciubilty 
and  stress.  The  physical  and  chemical  nature  of 
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the  aerosolized  material  and  iu  composition 
considerably  influence  ill  passage  down  the 
respiratory  tree  during  inspiration.  The  interac¬ 
tion  of  mail  and  large  particles  in  a  heterogene¬ 
ous  aerosol  may  determine  the  particle-uae 
diameter  during  the  passage  of  an  aerosol  through 
the  respiratory  tract. 

Since  atr  in  the  longs  is  nearly  saturated  with 
water  vapor,  particles  sensitive  to  humidity  may 
increase  in  sine  immediately  after  reaching  tne 
nostrils  or  trachea,  where  the  relative  humidity 
it  above  W'i  (8).  The  activity  or  function  of  the 
mucociliary  system  in  the  upper  respiratory 
tract  mutt  be  considered  in  determining  the 
fete  of  an  inhaled  foreign  particle  (4,  6).  How¬ 
ever.  in  contrast  to  a  particulate  substance,  sol¬ 
uble  material  would  be  expected  to  be  abeorbed 
rapidly  from  moat  turthcca  within  the  respira¬ 
tory  tract,  thereby  obviating  the  neccesity  of  other 
physiological  prntataaa  (6).  That*  and  other  fee- 
tots,  such  as  electrostatic  charge  on  the  particle 
and  on  the  body  of  the  experimental  animal  (22), 
play  a  vital  rota  in  the  tffectivanest  of  penetra¬ 
tion  and  retention  of  panicles  in  the  respiratory 
tract. 

The  preliminary  data  presented,  from  studies 
still  in  progress,  serve  only  to  emphasiae  the 
potential  of  immunisation  by  inhalation  of  a 
non  viable  solubla  antigen.  That  effective  primary 
immunisation  of  guinea  pigs  can  be  achieved  by 
acroeol  vaccination  is  evident.  An  aerosol  booster 
after  either  primary  respiratory  or  primary  *ub 
cutaneous  vaccination  appears  to  be  an  effec¬ 
tive  retmmunisalion  procedure.  Attempts  to 
rotate  discrepancies  in  the  immune  respome  to 
particle-siK  distribution  of  ncroaoluad  ftuid 
tetanus  toxoid  resulted  in  dau  that,  although 
not  conclusive,  provide  a  working  basis  for  more 
definitive  studies  relating  aerodynamic  particle 
sire  to  degree  of  immunological  reaponse.  As 
indicated  by  Lamanna  (17),  definitive  studies 
are  lacking  on  the  mechanisms  of  permeability 
of  respiratory  tract  tissue  to  substances  of  high 
molecular  weight. 

Of  obvious  concern  during  the  guinea  pig 
immunisation  studies  was  the  possible  induction 
of  hypersensitivity  in  the  animals  by  adminis. 
(ration  of  toxoid  by  the  respiratory  route.  The 
guinea  pig  is  especially  prone  to  development  of 
the  hypersensitive  state.  Untoward  reactions 
were  not  observed  after  primary  aerosol  vaccina¬ 
tion  with  fluid  toxoid  or  after  secondary  aerosol 
treatment  in  combination  with  aerosol  or  sub¬ 
cutaneous  vaccination  procedures.  However, 
guinea  pigs  receiving  two  subcutaneous  doses  of 
alum  precipitated  toxoid  at  an  interval  of  3 
weeks,  followed  by  u  tertiary  aerosol  booster 


with  fluid  toxoid  26  weeks  later,  developed  signs 
resembling  anaphylaxis,  resulting  in  death  of 
some  of  the  animals.  The  Important  considera¬ 
tion  here  which  requires  closer  and  further  evalu¬ 
ation  is  the  dosage,  interval,  and  frequency  of 
vaccinations 

Summary  and  Conclusion 

Tha  method  of  aeroeol  vaccination  might 
confer  superior  protection  against  pathogenic 
microorganisms  whose  r  aural  portal  of  entry  is 
the  respiratory  tract  (29).  Although  inhalation 
of  tetanus  toxin  per  m  represents  an  unnatural 
circumstance,  except  as  an  intentional  act  of 
war  (17),  aerosol  vaccination  with  tetanus  toxoid, 
and  possibly  other  soluble  antigens  derived  from 
pathogenic  microorganism*,  may  provide  a  rapid 
and  painless  method  of  immunisation. 

Acknowlsooments 

We  thaak  Sol  Miller  for  Im  helpful  luaywinm  and 
Kay  CUnniaghain  and  Kathlean  Riuak  for  their  tech¬ 
nical  essisianra  The  coopers  how  of  J  M.  McGuire 
of  Eli  Lilly  A  Co  and  E  8  Setigman  of  the  Na¬ 
tional  Institutes  of  Health  in  providing  tetanus 
reagents  is  arateftidy  acknowhidgwl. 

This  investigation  was  supported  by  the  Offlca  of 
the  Surgeon  General.  U  S  Army  Research  and  De¬ 
velopment  Command,  under  Contract  No.  DA-49- 
I9J-MD-2588. 

LrratATuax  One 

1.  Auixsanorov.  N.  I.,  N.  F  Ootn,  N.  B. 

Eoosova,  V.  M.  Saaussv,  P.  D-  Matvux,  and 
M.  S  Smirnov.  I960.  Aerosol  immunisation 
with  dried  atomised  vaccina  and  toxoid.  II  A 
study  of  the  efficacy  of  the  serosal  method  of 
immunization  and  reimmunitaiion  with  dried 
atomised  diphtheria  toxoid.  J.  Microbiol. 
Epidemiol.  Immunotuol.  USSR  (English 
Traral.)  31:007- 1 Jl  2 

2.  Auksanorov,  N.  !.,  N.  E.  Gotn,  N.  S.  Car’n, 

and  K.  G.  Garochro.  I960.  Acroeol  tmtm.  «- 
ration  with  (fried  live  vaccines  and  loxotds. 
III.  An  experimental  study  of  the  effleat)  of 
aerosol  immunization  with  dried  powdered 
vaccines  (anthrax,  brucellosis,  tularemia,  and 
plague)  J.  Microbiol.  Epidemiol,  lmmunobiol. 
USSR  (English  Tran*). I  31:180  18-40 

J  Alsksandrov,  N.  I.,  N.  E  GutN,  K  G. 
Gamthko,  N.  S.  Garin,  V.  M  Staotviv.  E. 
S  I.A7AR1VA,  V.  V.  MBMCiaNKO,  AND  t  N. 
Sm-VAKMiv.  1961.  Aerosol  immtmuaiKxi  with 
dried  live  vaccines  and  toxoids.  VI.  A  study  of 
post  vaccination  reactions  and  immunological 
efficacy  of  aerosol  immunization  with  aerosol 
brucellosis,  lularemia,  anthrax  and  plague  vac¬ 
cines  in  man  J  Mi<'robiol  Epidemiol  lm- 
munobtul  USSR  English  Trartsl  32:1 ’45- 
1252 

•1  Bano,  F  B.  1961  Mucociliary  funciutn  as  pro- 


632 


YAMASH1ROYA,  EHRLICH,  AND  MAC.IS 


Bacteriol  .  Rev. 


tective  mechanism  in  upper  respiratory  tract. 
Bacteriol.  Rev.  23:228-236. 

5.  Barr,  M.,  and  A.  T.  Glenny.  1949,  Factors  in¬ 

fluencing  the  maintenance  of  antitoxic  im¬ 
munity.  Lancet  236:646-649 

6.  Casarett,  L.  J.  I960,  Some  physical  and  physio¬ 

logical  factors  controlling  the  fate  of  inhaled 
substances.  II.  Retention.  Health  Phys  2:379- 
386. 

7.  Cohn,  M.  L.,C.  L.  Davis,  andG.  Midmjebkook. 

1958.  Airborne  immunization  against  tuber¬ 
culosis.  Science  128:1282-1283. 

8.  Dautrebane*,  L.,  and  W.  Waucenhorst  1961. 

Deposition  of  NaCl  microaerosols  in  the  res¬ 
piratory  tract.  Arch.  Environ.  Health  3:411- 
419. 

9.  Eioelsbach,  H.  T.,  J.  J.  Tulis,  E.  L.  Overholt, 

and  W.  R.  Griffith  1961.  Aerogenic  immuni¬ 
zation  of  the  monkey  and  guinea  pig  with  live 
tularemia  vaccine.  Proc.  Sac.  Exptl.  Biol.  Med. 
188:732  734. 

10.  Goow-Aw,  R.  J..  and  Leonard.  F.  A.  1961. 

Viability  and  infeettvity  of  microorganisms  in 
experimental  airborne  infection.  Bacteriol. 
Rev.  23:182  167. 

11.  Gorham,  J  R.,  R.  W.  Leader,  and  J.  C. 

Gutierrez.  1954.  Distemper  immunization  of 
ferrets  by  r.vbulizution  with  egg  adapted  virus. 
Science  119:125  126 

12  Gorham,  J.  R.,  R.  W.  Leader,  and  J.  C. 
Gutierrez.  1954.  Distemper  immunization  of 
mink  by  airborne  infection  with  egg  adapted 
vims.  J.  Am.  Vet.  Med.  Assoc.  123:134-136. 

13.  Hatch,  T.  F.  1961.  Distribution  and  deposition 

of  inhaled  particles  in  respiratory  tract.  Bac¬ 
terid.  Rev  23:237-240 

14.  Hitchner,  S.  B.,  and  G.  Reuing.  1952.  Flock 

vaccination  for  Newcastle  disease  by  atomiza¬ 
tion  of  the  B,  strain  of  virus.  Proc.  Am,  Vet. 
Med.  Assoc.  89:258-  264. 

15.  Kress,  S.,  A.  E.  Schluederherg,  R.  B.  Hornier, 

L.  J.  Morse,  J.  L.  Cole,  E.  A.  Slater,  and 
F.  R.  McCrumb,  Jr.  1961.  Studies  with  live 
attenuated  measles-virus  vaccine.  Am.  J.  Dis¬ 
eases  Children  101:701  707. 

16.  Kuehne.  R  W. ,  W.  D.  Sawyer,  and  W,  S. 

Gothendur,  Jr.  1962.  Infection  with  aero¬ 
solized  attenuated  Venezuelan  equine  en¬ 
cephalomyelitis  virus.  Am.  J.  Hyg.  73:347-350. 

17.  Lamanna,  C.  1961.  Immunological  aioects  of 

airborne  infections:  some  general  considera¬ 
tions  of  response  to  inhalation  of  toxins  Bac¬ 
terid.  Rev.  23:323  330. 

18.  Langmuir.  A.  D.  1961.  Epidemiology  of  air¬ 

borne  infection.  Bacteriol.  Rev  25:173  181, 

19  Markham.  F.  S..  A.  H  Hammer,  P  Gingihr, 
and  H.  R.  Cox.  1955.  Vaccination  against  New¬ 
castle  disease  and  infectious  bronchitis.  1.  Pre 
limmarv  studies  in  mass  vaccination  with  live 
virus  dust  vaccines  Poultry  Sci.  34:442  448 


20.  Midolebiiook,  G.  1961.  Immunological  aspects 

of  airborne  infection:  reactions  to  inhaled 
antigens.  Bacterid.  Rev.  23:331-346 

21.  Minamitani,  M.,  K.  Nakamura,  H.  Nagahama, 

R.  FuJii,  U  Saburi,  and  M.  Matsumoto. 
1964.  Vaccination  by  respiratory  route  with 
live  attenuated  measles  virus.  Surpyama, 
adapted  to  bovine  renal  cells.  Japan.  J.  Exptl. 
Med.  34:81-84. 

22.  Morrow,  P.  E.  I960.  Some  physical  and  physio¬ 

logical  factors  controlling  the  fate  of  inhaled 
substances.  I.  Deposition.  Health  Phys  2:366- 
378. 

23.  Muromstev,  S.  N.,  N.  A.  Borooiyuk,  and  V.  P. 

Nenashev.  I960.  Experimental  reimmuniza¬ 
tion  with  diphtheria  toxoid  by  inhalation.  I.  J. 
Microbid.  Epidemid.  Immunobid.  USSR 
(English  Transl.)  31  *0.V-806. 

24.  Muromstev,  S  N.,  N.  A  Borooiyuk.  V.  P. 

Nenashev,  and  R.  M.  Aleshina.  1961.  Re¬ 
vaccination  of  children  with  diphtheria  toxoid 
by  inhalation.  J.  Microbid.  Epidemid.  Im¬ 
munobid.  USSR  ^English  Transl  •  32:589- 
594. 

25.  Okuno,  Y  1962  Vaccination  with  egg-passage 

measles  virus  by  inhalation.  Am.  J.  Diseases 
Children  103:381  384. 

26.  Parish,  H  J.,  and  D.  A.  Cannon.  1962.  Anti¬ 

sera.  toxoids,  vaccines,  and  tuberculins  in 
prophylaxis  and  treatment,  p.  129-136  The 
Williams  A  Wilkins  Co.,  Baltimore. 

27.  Rose  bury,  T.  1947.  Experimental  airborne  in¬ 

fection,  p.  62.  The  Williams  &  Wilkins  Co., 
Baltimore 

28.  Saslaw,  5.,  and  H.  N.  Carlisle  1965.  Aerosd 

exposure  of  monkeys  to  influenza  virus.  Proc. 
Soc.  Exptl.  Biol.  Med.  119:838-843 

29.  Sawyer,  W.  D.,  R.  W.  Kuehne.  and  W.  S. 

Gochenouk,  Jr.  1964.  Simultaneous  aerosd 
immunization  of  monkeys  with  live  tularemia 
and  live  Venezuelan  equine  encephalomyelitis 
vaccines.  Military  Med.  129:1040-1043. 

30.  StHULMAN,  J.  L  ,  AND  E.  D.  Kll  BOCRNt.  1965. 

Induction  of  partial  specific  heterotypic  im¬ 
munity  in  mice  by  a  single  infection  with  in¬ 
fluenza  A  virus.  J.  Bacteriol.  89:170  174. 

31.  Stavitsky,  A.  B.  1954.  Micromethods  for  the 

study  of  proteins  and  antibodies  I  Procedure 
and  general  applications  of  hemagglutination 
and  hemagglutination-inhibition  reactions  with 
tannic  acid  and  protein-treated  red  blood  cells. 
J.  Immund.  72:360-367. 

32.  Wolfe,  E.  K  ,  Jr.  1961.  Quantitative  charac¬ 

terization  of  aerosols  Bacteriol.  Rev.  23:194- 
202 

33.  Yamashiroya.  H.  M.,  R  Ehrlich,  and  J.  M. 

Magis.  1966.  Aerosol  immunization  of  guinea 
pigs  with  fluid  tetanus  toxoid.  J.  Bacteriol.  91 : 
903-904. 


Vol  30.  1966 


DISCUSSION 


633 


Discussion 

H.  C.  BARTLEMA 

Medical  Biological  Laboratory  of  the  National  Defense  Research  Organisation, 


Rijswijk ,  The 

It  was  clearly  shown  by  Dr.  Yamashiroya  that 
inhalation  of  purified  tetanus  toxoid  will  induce  a 
well-marked  primary  immune  response  in  the 
guinea  pig,  and  that  the  secondary  response  fol¬ 
lowing  toxoid  inhalation  by  a  primed  animal  is 
even  better.  Dr.  Yamashiroya’s  results  seem  to 
indicate  that  the  relative  humidity,  by  affecting 
the  particle  size  distribution  of  the  aerosol, 
may  influence  its  immunogenic  effectivity.  It 
should  be  observed  that  the  size  distribution  of 
droplet  nuclei  is  mainly  determined  by  the  con¬ 
centration  or  the  spray  solution,  and  it  would 
seem  worthwhile  to  study  comparatively  the 
immune  responses  of  guinea  pigs  in  Dr.  Yama- 
shiroya's  experimental  model  by  varying  the 
concentration  of  the  sprayed  toxoid  solution 
inversely  to  the  period  of  exposure. 

Site  of  deposition,  in  relation  to  particle  size, 
is  generally  assumed  to  be  an  important  factor  in 
determining  the  infective  or  immunizing  effects 
of  inhaled  aerosols  (3,  J).  However,  various  other 
factors,  in  addition  to  influences  on  the  retention 
and  site  of  deposition  of  the  particles,  as  properly 
referred  to  by  Dr.  Yamashiroya,  may  affect  the 
mechanisms  underlying  the  immune  response 
after  the  inhalation  of  antigens. 

In  a  study  on  aerosol  immunization  against 
tetanus,  we  have  investigated  the  effect  of  adding 
bacterial  adjuvants  to  the  toxoid  spray  solution. 
Groups  of  20  mice  were  exposed  in  a  modified 
Henderson  apparatus  (7)  to  the  immunizing 
aerosols,  sprayed  with  a  Coliison  nebulizer  from 
solutions  containing  7,000  to  10,000  limit  of 
flocculation  (Lf)  units  of  toxoid  per  milliliter. 
It  should  be  admitted  that,  in  comparison  with 
guinea  pigs,  mice  ore  less  suitable  for  immuniza¬ 
tion  studies  with  unabsorbed  fluid  tetanus  toxoid, 
the  results  being  rather  irreproducible  (1).  A 
further  disadvantage  is  caused  by  the  fact  that 
it  is  hardly  feasible  to  follow’  the  serum  antibody 
level  over  a  prolonged  period  of  lime  in  individual 
animals,  as  was  done  by  Dr.  Yamashiroya  in 
guinea  pigs.  Nonetheless,  in  our  experimental 
model,  we  were  able  to  demonstrate  that  the 
primary  immune  response  following  toxoid 
inhalation  is  strikingly  enhanced  by  the  addition 
of  certain  bacterial  adjuvants. 

Immune  responses  were  evaluated,  3  weeks 
after  immunization,  by  subcutaneous  challenge 
with  50  mouse  u>*j  of  toxin,  and  by  antitoxin 
titrations  in  the  pooled  sera  of  small  groups  of 
animals.  All  sera  were  titrated  in  vitro  by  the  in¬ 
direct  hemagglutination  (HA)  technique,  as  de- 


Netkeriandi 

scribed  by  Stavitsky  (10) :  in  addition,  a  number  of 
sen  were  also  titrated  in  vivo  by  the  mouse  pro¬ 
tection  test  on  a  0.001  antitoxin  unit  (AU)  level. 
Toxoid  aerosols  were  sampled  in  liquid  impingen 


Ta«.i1.  Primary  immune  response  of  mice  3  weeks 
after  administration  of  plain  tetanus  toxoid 
by  aerosol  or  by  subcutaneous  infection 


Rocw  of  (4mJ  duration 

Dom  (U) 

Survivor, 

5  day* 
(tit, 

dulltaat* 

|  Antitoxic 

tram 

I  titer 

i  %sssr 

Aerosol 

10-12 

0/20 

ND 

20-24 

1/20 

,  ND 

40-48 

1/16 

<10 

Subcutaneous 

0  5 

11/20 

128 

injection 

1 .0 

20/20 

ND 

2.0 

20/20 

320 

•  Number  of  survivors/number  challenged. 

‘  Hemagglutination  titrations  of  pooled  sera  of 
four  animals  from  each  group;  ND,  not  deter¬ 
mined. 

Table  2.  Immune  response  of  mice  3  weeks  after 
repeated  administration  of  plain  tetanus  toxoid 
by  various  combinations  of  inhalation  and  sub¬ 
cutaneous  injection 


First  dow*  (Lf) 

Second  dose  (Lf)* 

i 

r 

!  5  ; 

after 

cttUence* 

toxic 

•crum 

titer* 

10-12 

(R) 

|  10-12 

(R) 

|  l/»  ! 

ND 

0.5 

H) 

,  10-12 

(R> 

16/16 

4,000 

0  3 

(I> 

0.3 

(I) 

|  16/16  j 

4,000 

10  12 

i.R) 

1 

i 

- 

;  o/2o 

ND 

0.5 

(1) 

i 

— 

j  11/20 

128 

*  Doses  given  3  weeks  apart. 

*  Number  of  survivors/number  challenged. 

*  HA  titrations  of  pooled  sera  of  four  animals 
from  each  group.  ND,  not  determined;  (R), 
given  by  the  respiratory  route;  (I),  given  by  in¬ 
jection. 

and  evaluated  by  indirect  hemagglutination  in¬ 
hibition  tests  (10).  Inhalation  doses  were  esti¬ 
mated  from  cloud  sample  assays,  periods  of  ex¬ 
posure,  and  mouse  respiratory  volumes  as  de¬ 
fined  by  Guyton  (4). 

The  results  of  a  series  of  experiments  with 
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aeroaob  of  plain  toxoid  are  presented  in  Table 
1.  In  preliminary  tests,  the  50%  protective  dose 
by  subcutaneous  injection  had  been  found  to  be 
in  the  order  of  1  Lf;  therefore,  control  animals 
were  given  toxoid  by  the  subcutaneous  route  in 
doses  ranging  from  0.5  to  2.0  Lf.  The  figures 
dearly  demonstrate  that  under  these  experimental 
conditions  almost  no  immune  response  is  elicited 
in  mice  by  a  single  inhalation  of  plain  toxoid  at 
dosages  up  to  40  Lf.  On  the  other  hand,  a  single 
injection  of  a  dose  as  small  as  0.5  Lf  induces 
partial  protection. 

Results  obtained  with  aerosol  treatment  in 
two  doees  given  3  weeks  apart  are  presented  in 
Table  2.  Abo  shown  are  the  effects  of  a  booster 
treatment  by  aerosol  in  comparison  with  that 
of  an  injection.  It  is  seen  that  inhalation  of  plain 
toxoid  on  two  occasions  did  not  induce  a  tetter 

Tails  3.  Immune  respons *  of  mice  }  weeks  after 
tingle  or  repeated  administration  of  a  mixture  of 
tetaimi  toxoid  and  BordtttHa  pertussis  cells  by 
aerosol  or  by  subcutaneous  Injection 

Antitoxic  tcran 


Fintdwt  (Lf) 

Sfcofid  don 

(LO* 

von 

J  day* 
after  . 
Chilian* 

Heat-j 

iiu-  | 
tin*- 
tie*  | 

Moum 

test 

16 

(R) 

15/16 

128 

ND 

0.5 

(1) 

_ 

13/16 

ND  1 

ND 

16 

(R) 

16  (R) 

16/16 

16,000 

1.15  AU 

0.5 

(I) 

0.5  (!) 

16/16 

8  »000j 

0.80  AU 

*  Doom  atom  3  weak*  (part. 

*  N amber  of  wrvivon/niunber  ctixllenaed. 

4  Hindoo*  of  pooled  am  of  Tout  animat*  from  cacti  group; 
ND,  tot  dwaradaad  (X),  Iran  by  ttia  roapiratocy  route;  (1), 
given  by  tnjactioo. 


immune  response  than  did  a  single  inhalation. 
However,  when  given  as  a  booster  to  mice  al¬ 
ready  primed  by  injection,  the  toxoid  inhalation 
provoked  a  marked  anamnestic  reaction,  similar 
to  that  induced  by  a  booster  injection. 

The  strong  potentiating  effect  of  a  bacterial 
adjuvant  on  the  immunizing  activity  of  inhaled 
toxoid  is  illustrated  by  the  data  shown  in  Table 
3  Killed  BordtttUa  pertussis,  an  effective  adju¬ 
vant  (9),  was  mixed  with  the  plain  toxoid  solu¬ 
tion  to  a  concentration  of  approximately  4  x  10" 
organisms  per  milliliter.  Control  animab  re¬ 
ceived  adequate  doses  of  the  same  mixtures  by 
injection.  Since  no  figures  are  available  for  the 
retention  of  the  components  of  the  inhaled  mix¬ 
ture,  a  comparison  of  the  dosages  used  for  im¬ 
munization  by  the  respiratory  route  and  by  in¬ 
jection  cannot  be  made.  Nonetheless,  it  is  evi¬ 
dent  that  toxoid  given  by  aerosol  together  with 
B.  pertussis  cells  conferred  a  significant  degree 
of  immunity  (compare  Tables  1  and  2),  and  that, 
at  the  given  doses,  both  the  primary  and  second¬ 
ary  immune  responses  were  not  inferior  to  those 
following  injection. 

It  has  been  shown  by  others  (2)  that,  in  stimu¬ 
lating  the  antibody  response  to  protein  antigens, 
B.  pertussis  extracts  may  be  as  active  as  whole¬ 
cell  preparations.  To  investigate  the  effect  of 
ueb  an  extract  on  the  immunogenicity  of  the 
inhaled  toxoid,  additional  experiments  were 
carried  out.  Two  fractions,  which  had  been 
derived  from  B.  pertussis  in  the  procedure  for  the 
preparation  of  t  soluble  pertussis  vaccine  at  the 
National  Institute  of  Public  Health,  Utrecht  (6), 
were  tested.  According  to  data  provided  by  the 
laboratory  for  vaccine  production  of  the  Na¬ 
tional  Institute  of  Public  Health,  one  of  these 


Tabli  4.  Immune  response  of  mice  3  weeks  after  single  or  repeated  administration  of  mixtures  of  tetanus 
toxoid  and  Bordeiella  pertussis  preparations  by  aerosol 


Mixtan 

Flnl  dew  (Lf) 

Second  daw  (Lf)* 

Survivor*  5  din  j 
titer  efetlkaie*  j 

Anti  tone  terum  titer* 

Hemtaiutiaation  j  Motur  test 

T  +  C 

8-10  i 

_ . 

20/20 

ND 

ND 

T  +  I 

8-10 

— 

20/20 

ND 

ND 

T  +  11 

8-10 

— 

16/20 

ND 

ND 

T  +  C 

8-10 

8-10 

10/10 

320,000 

32  AU 

T  +  I 

8-10 

8-10 

10/10 

160,000 

32  AU 

T  +  II 

8-10 

8-10 

! 

10/10 

80,000  | 

8  AU 

T  PI 

16-20 

j  — 

1  0/10 

ND 

ND 

T  PI 

16-20 

16-20 

i  0/20 

ND 

ND 

*  Doses  given  3  weeks  apart. 

*  Number  of  survivors/number  challenged. 

*  Titrations  of  pooled  sera  of  10  animals  from  each  group;  ND,  not  determined;  T  -I-  C,  toxoid  + 
whole  cells;  T  +  I,  toxoid  +  extract;  T  +  II,  toxoid  +  cell  well  debris;  T  PL,  plain  toxoid. 
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fractions,  the  soluble  extract,  exhibited  nearly 
all  the  biological  activity  contained  in  the  original 
cell  suspension,  in  terms  of  immunizing  potency 
and  histamine-sensitizing  factor.  In  the  other 
fra cuon.  consisting  of  cell  wall  debris,  no  such 
biological  activity  could  be  discovered.  As  can 
be  seen  from  the  data  summarized  in  Table  4, 
the  extract  did  indeed  show  an  adjuvant  activity 
similar  to  that  of  the  whole-cell  preparation. 
However,  the  cell  wall  debris  also  appeared  to 
be  an  active  adjuvant.  A  further  analysis  of  these 
fractions  will  be  needed  to  determine  the  factors 
responsible  for  the  observed  adjuvant  effects. 

From  these  experiments,  as  compared  with 
those  of  Dr.  Yamashiroya,  it  may  be  concluded 
that  mice  show  a  much  weaker  immune  response 
to  inhaled  plain  tetanus  toxoid  than  do  guinea 
pigs.  This  may  be  associated  with  a  lower  degree 
of  cellular  reactions,  in  terms  of  phagocytic  activ¬ 
ity  and  lymphoid  hyperplasia.  Such  a  difference 
between  mice  and  guinea  pigs  has  also  been 
observed  by  Henderson  in  his  studies  on  the  in¬ 
fectious  processes  developing  after  inhalation  of 
certain  bacterial  pathogens  (8).  The  highly  poten¬ 
tiating  effect  of  B.  pertussis  preparations  in  aero¬ 
sol  vaccination  of  mice  has  been  clearly  demon¬ 
strated  in  our  experimental  model.  The  histo¬ 
logical  changes  in  the  respiratory  tract  and 
adjacent  lymphoid  tissues  of  the  mouse,  asso¬ 
ciated  with  this  adjuvant  effect,  are  being  studied. 
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Introduction 

There  are  many  infectious  diseases  which  are 
not  transmitted  via  the  air  borne  route.  Such  is 
the  case  with  Rocky  Mountain  spotted  fever. 
Studies  in  both  man  and  animals  have  clearly 
established  that  transmission  occurs  through 
the  bite  of  an  infected  tick  and  less  frequently 
through  abrasions  in  the  skin  contaminated  with 
infected  tick  feces  or  tissue  juices. 

Recent  studies  indicate  that  aerosols  of  arthro¬ 
pod  organisms,  under  certain  conditions,  can 
lead  to  disease  (10,  20,  21,  24,  23).  To  our  knowl¬ 
edge,  human  infection  due  to  aerosol  exposure 
to  Rickettsia  rickettsii  has  not  been  documented. 
Rocky  Mountain  spotted  fever  or  man  has  char¬ 
acteristic  features  which  are  remarkably  similar 
to  those  of  monkeys  injected  with  infectious  mate¬ 
rial  (1,  27).  It  remained  for  experimental  studies 
to  determine  whether  the  portal  of  entry  of  the 
infectious  agent  alters  the  characteristics  of  the 
disuse,  its  pathology,  and  the  response  to 
prophylactic  and  therapeutic  measures.  It  is  the 
purpose  of  this  paper  to  describe  the  results  ob¬ 
served  in  monkeys  challenged  with  R.  rickettsii 
by  the  respiratory  route. 

Response  op  Normal  Monkeys  to  Primary 
Challenoe 

Clinical  Aspects 

During  the  course  of  these  studies  (17),  rhesus 
and  cynomolgus  monkeys  were  exposed  in  a 
model  3  Henderson  apparatus  (7,  13)  to  aerosols 
of  the  R I  strain  (13)  of  R.  rickettsii  propagated  in 


the  yolk  sac  of  developing  chick  embryos  (23). 
Assuming  that  the  respiratory  volume  was  about 

1  liter  (4)  and  that  about  50%  of  the  particles 
were  retained  (6),  the  monkeys  received  chal¬ 
lenges  varying  from  1.3  to  9,000  yolk  sac  loh 
Clinically  obvious  disease  was  observed  in  36  of 
60  (93.3%)  rhesus  monkeys,  and  42  of  36  (73.0%) 
died  of  specific  infection  7  to  24  days  postdial- 
lenge;  38  of  36  (67.9%)  exhibited  rash. 

Clinical  findings  in  the  36  rhesus  monkeys 
that  become  ill  after  challenge  are  summarized 
in  Table  1.  Fever  was  observed  in  all;  rectal 
temperatures  of  105  to  106  F  (40.6  to  41.1  C) 
were  common.  Monkeys  usually  became  febrile 
5  to  7  days  after  exposure  and  1  to  2  days  before 
appearance  of  other  symptoms.  Monkeys  usually 
survived  if  their  fever  did  not  persist  for  more  than 

2  or  3  days. 

Lethargy,  anorexia,  and  weakness  were  first 
observed  from  the  6th  to  9th  postexposure  day 
(PHD).  Monkeys  sat  quietly  with  heads  hanging 
and  arms  clasped  about  the  body  and  were  no¬ 
ticeably  weak  when  removed  from  the  cage.  In 
monkeys  that  eventually  died,  symptoms  became 
progressively  worse  during  the  next  few  days. 
Animals  would  not  respond  to  stimuli,  did  not 
resist  handling,  and  could  not  rise  from  a  lying 
position.  Monkeys  usually  were  in  coma  for  12 
to  24  hr  prior  to  death.  Terminally,  the  pupils 
were  dilated  and  nonreactive,  and  patellar  re¬ 
flexes  were  absent.  Respirations  were  usually 
deep,  abdominal,  and  at  the  rate  of  4  to  6  per 
min.  The  body  was  cold  on  palpation,  and  the 
rectal  temperature  was  less  than  100  F  (37.8  C). 
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Table  I .  Clinical  /inMnts  In  $6  rhesus  monkeys 
after  respiratory  challenge  with 
Rickettsia  rickettslh 


Clinkal  SndiM* 

No  erf 
woo* 

PtrcMt 

Fever . 

56 

100  0 

Chills  or  tremors 

8 

14.3 

Lethargy,  anorexia,  weakness 

56 

100.0 

Heart  sounds  leu  intense  and 

muffled 

« 

94.6 

Respiratory  signs' . 

12 

21.4 

Dehydration  . 

9 

16.1 

Diarrhea 

3 

5.4 

Rash 

38 

67.9 

Peripheral  necrosis . 

9 

16.1 

«  Data  from  Saslaw  ct  al.  (17). 

»  Delirium,  2;  pruritii  (general), 2;  epistaxia,  I ; 
hemorrhagic  rhinitis,  2;  purulent  nasal  exudate, 
I  j  scroui  conjunctivitis,  1 ;  suppurative  conjunc¬ 
tivitis,  I ;  suppurative  inflammation  of  rash,  1 . 

*  Dyspnea,  10;  riles,  4;  friction  rubs,  3;  per¬ 
cussion  dullness,  2;  coughing,  I;  sneezing,  1. 


The  eariie  t  death  occurred  on  the  7th  FED,  and 
one  monkey  died  on  the  8th  day;  29  of 42  (69.1%) 
died  on  the  9th  through  12th  PED,  and  11  of  42 
(26.2%)  survived  beyond  the  12th  day.  The  me¬ 
dian  survival  time  was  11  days,  and  the  mean, 
12.3  days. 

The  course  of  the  illness  in  14  surviving  mon¬ 
key*  was  highly  variable.  One  monkey  became 
acutely  ill  and  was  comatose  for  about  24  hr, 
but  eventually  recovered,  whereat  three  monkeys 
showed  only  mild  lethargy  and  anorexia.  Inter 
mediate  gradations  of  disease  were  observed  in 
the  remaining  10  animals.  Surviving  monkeys 
usually  were  febrile  for  5  to  7  days  and  ill  for  7 
to  10  days. 

Heart  sounds  became  less  intense  and  muffled 
with,  or  shortly  after,  onset  of  acute  illness, 
and  this  condition  persisted  until  death  of  the 
animal  or  until  recovery  was  definite. 

Only  12  of  56  (21.4%)  monkeys  showed  res¬ 
piratory  symptoms.  Dyspnea  was  observed, 
respectively,  in  five,  two,  and  three  animals  dur¬ 
ing  the  early,  acute,  and  late  stages  of  the  infec¬ 
tion.  Similarly,  rales  were  detected  in  two,  one, 
and  one  during  these  stages  The  infrequency  and 
irregularity  with  which  respiratory  signs  were 
observed  suggest  that  primary  rickettsial  pneu¬ 
monia  was  not  established  after  aerosol  challenge, 
although  serous  pneumonitis  was  observed, 
microscopkally,  at  autopsy  (see  below). 

Rash,  similar  to  that  seen  in  man,  was  ob¬ 
served  in  38  of  56  (67.9%)  rhesus  monkeys  that 
became  ill,  and  usually  appeared  9  to  13  days 


Tails  2.  Distribution  ami  time  of  appearance  of 
rash  In  39  rhesus  monkeys  after  respiratory 
challenge  with  Rickettsia  ekketlslt' 


Site 

1  No.  or  1 

moo- 

km  ! 

lAppttitm 

«xp NOT 

day) 

Thighs 

27  ( 

71.5 

III 

Legs,  below  knees 

18  ' 

47.4 

11.5 

Feet . 

5  ! 

13.2 

15.4 

Fece  . 

22 

57.9 

11.7 

Ears . 

24 

63,2 

12.7 

Arms . 

13 

34.2 

11.7 

Hinds . 

4  : 

10.5 

15. 3 

Genitalia . 

14  * 

36.8 

II  9 

Pubic,  perineal, 

perianal  areas 

9 

23,7 

II  7 

Back . 

6 

15.8 

10.9 

Tail 

7 

18.4 

11.1 

Total . 

38 

100.0 

III 

•  Data  from  Saslaw  et  a).  (17). 


after  challenge.  Only  13  of  23  (56.5%)  animals 
that  died  before  the  12th  day  exhibited  rash, 
whereas  18  of  19  (94.7%)  succumbing  on  the  12th 
day  or  later  showed  skin  manifestations  In 
nonfatal  infections,  7  of  14  showed  skin  lesion*. 
Rash  was  observed  most  frequently  on  the  ex¬ 
tremities  and  head,  as  shown  in  Table  2,  but  the 
anatomical  area  first  affected  waa  variable  (17). 

Peripheral  necrosis  waa  observed  13  to  24 
days  after  challenge  in  9  of  56  (16.1%)  rhesus 
monkeys  (Table  1).  The  ears  were  affected  in  all 
nine,  and  two  also  had  necrosis  of  the  fingertips. 
Six  of  the  nine  had  recovered  and  were  otherwise 
normal  when  necrosis  was  first  observed.  The 
remaining  three  died  18  to  22  days  after  exposure. 

Mortality  in  monkeys  exposed  to  aerosols  of 
ft.  rkkettsli  was  dose-dependent  to  a  limited 
degree  only  (Table  3).  One  of  four  monkeys 
retaining  1.5  ysldm  exhibited  typical  symptoms 
and  rash  and  died  on  the  15th  PED,  whereas  the 
remaining  three  animals  showed  no  symptoms  or 
laboratory  evidence  of  infection.  All  of  six  mon¬ 
keys  retaining  4  to  6  yslo**  were  infected,  and 
five  of  six  died.  However,  although  all  of  seven 
monkeys  retaining  11  ysldm  became  ill.  onl> 
three  died.  In  other  experiments  involving  24 
monkeys  and  retained  doses  ranging  from  67  to 
450  vslom,  there  was  little  or  no  relationship 
between  retained  dose  and  mortality  This  poor 
correlation  between  mortality  and  the  number  of 
rickettsiae  retained  during  exposure  is  shown  by 
the  fact  that,  with  varying  doses  of  less  than  2t , 
20  to  200,  200  to  500,  and  more  than  500  vsu>.«. 
9  of  17  (52.9%),  6  of  10  (60.0%),  13  of  14 
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Taslx  3.  Reiatlonsklp  between  ni«M  dost, 
morbidity,  and  mortality  in  rhesas  monkeys  mftrr 
aerosol  expomrt  to  JUe kettsia  rkkettsii 


— —  — »-* — ■  j 

MertUltj 

Mortality 

1.3  i 

1/4* 

1/4* 

4  1 

2/2 

2/2 

5 

2/2 

2/2 

6 

2/2 

1/2 

11 

7/7 

3/7 

67 

1/2 

1/2 

107 

2/2 

1/2 

138 

2/2 

1/2 

136 

2/2 

2/2 

191 

2/2 

1/2 

30$ 

7/7 

6/7 

333 

2/2 

2/2 

341 

2/2 

2/2 

342 

I/I 

I/I 

430 

2/2 

2/2 

555 

2/2 

1/2 

650 

2/2 

2/2 

1,013 

2/2 

1/2 

2,475 

2/2 

2/2 

2,745 

3/3 

1/3 

3,210 

2/2 

2/2 

3,330 

2/2 

2/2 

7,950 

2/2 

1/2 

9,000 

2/2 

2/2 

Total 

56/80 

42/60 

•  Number  ill/toUl  number  exposed. 


(92  97c).  end  14  of  19  (73.7%)  animals,  respec¬ 
tively,  experienced  fatal  infection. 

On  the  other  hand,  the  incubation  period 
teemed  to  be  inversely  related  to  dose.  For  ex¬ 
ample,  the  means  of  the  days  on  which  monkeys 
became  febrile  after  receiving  less  than  20,  20 
to  200, 200  to  300,  and  more  than  500  ysloh 
were  8.7,  6.4,  6.2,  and  5.5  days,  respectively. 
Similarly,  the  means  of  the  days  on  which  rash 
was  first  observed  in  animals  in  the  four  dose 
groups  were  126,  11.2,  11.1,  and  10.1  days, 
respectively. 

Only  eight  cynomotgus  monkeys  were  utilized 
in  these  studies.  Two  and  six  cynomolgus  mon¬ 
keys  received  468  and  1,013  ysldm,  respectively. 
All  8  died  at  10  to  13  days  postchallenge.  The 
acute,  rapidly  fatal  process  noted  in  cynomolgus 
monkeys  was  similar  to  that  observed  in  rhesus 
monkeys  receiving  similar  doses. 

Laboratory  Aspects 

Laboratory  findings  in  rhesus  monkeys  ex¬ 
posed  to  aerosols  of  R.  *■ ickensii  included  positive 
C-reactive  protein  (CRPl  reactions,  a  rather 
dramatic  left  shift  ir  neutrophils  with  or  without 
leukocytosis,  anemia,  rickettsemia.  and  the 


Tamj  4.  Laboratory  findings  in  S6  rhesas  monkeys 
after  respiratory  challenge  with  Rickettsia 
riekettslp 


Flo*  Of 

\o.  of 
moo* 
kfff 

For  coot 

Positive  CRP 

56 

100.0 

Leukocytosis  .  . 

23 

41.1 

Left  shift  in  differential  — 

35 

96.2 

Decrease  in  hematocrit . 

40 

71.5 

Decrease  In  hemoglobin 

48 

85.7 

•  Data  from  Satlaw  et  al.  (17). 


Tabli  5.  Isolation  of  rieketlslae  from  peripheral 
blood  of  monkeys  after  respiratory  challenge 
with  Rickettsia  rtekettsiP 


Doyt  pottckilkoct 

No  at  !  No  ol 
iwlotiom  1  laololioM 
■ttaaptad  hot—  fol 

For  mt 

l-S 

17 

0 

0  0 

6 

1 

1 

7 

8 

3 

§ 

1 

1 

9 

5 

3 

10 

2  I 

1  2 

II 

3 

2 

Total,  6-11  days 

20 

14 

70  0 

12  18 

to 

2 

20  0 

•  Data  from  Saslaw  et  al.  (17). 


appearance  of  OX-19  agglutinins  and  comple¬ 
ment-fixing  antibodies.  CRP  usually  was  first 
detected  on  the  first  day  of  fever,  i.e.,  1  to  3  days 
prior  to  appearance  of  other  symptoms  All  of  56 
monkeys  that  became  ill  exhibited  positive  CRP 
reactions  (Table  4).  CRP  tests  were  positive 
until  deeth  in  fatal  infections  and  became  nega¬ 
tive  I  to  3  days  after  clinical  improvement  was 
noted  in  survivors.  The  left  shift  in  the  differen¬ 
tial  count  was  also  apparent  1  to  3  days  before 
onset  of  illness  in  all  of  56  monkeys,  except  for 
I  that  became  only  mildly  ill.  Anemia  was  ob¬ 
served  regularly  in  acutely  ill  animals  1  to  3 
days  after  appearance  of  symptoms  (Table  4), 
but  normal  values  were  restored  about  I  week 
after  clinical  improvement. 

Rickettsemia  was  readily  demonstrable  6  to  1 1 
days  postchallenge.  A  total  of  47  blood  samples 
taken  from  10  monkeys  at  I  to  18  days  after  ex¬ 
posure  were  inoculated  into  guinea  pigs.  As 
shown  in  Table  5,  none  of  17  samples  obtained 
I  to  5  days  after  challenge  yielded  rickettsiac, 
whereas  14  of  20  (70.0%)  samples  drawn  on  the 
6th  through  11th  days  produced  typical  symp¬ 
toms,  febrile  response,  and  complement -fixing 
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Table  6.  Antibody  response  of  monkeys  surviving 
Infer tinn  after  respiratory  rk.rllenge  with 
Rickettsia  rlckettsIT 


CorajikwBt-fixJftf  OX-1S  A*^uU»»Uob 

Antibody  UUf  Ul« 


Monkey 


HO. 

Ham 

line 

Fwk 

IN>  at 

til«*  ; 

Ham 

Itc* 

PwU 

Dty  at 

s$ 

2 

— 

320 

28 

_ _ 

160 

21 

3 

320 

28 

— 

-- 

— 

4 

160 

28 

20 

80 

21 

3 

640 

28 

- 

— 

-- 

6 

640 

28 

- 

10 

21 

7 

640 

14 

— 

— 

8 

— 

320 

28 

rr. 

160 

14 

9 

640 

14 

5 

160 

14 

10 

320 

14 

— 

-♦ 

II 

80 

33 

3 

160 

14 

12 

320 

21 

3 

40 

14 

13 

— 

160 

28  l 

20 

14 

14 

— 

320 

14 

» 

14 

15 

~ 

640 

21  . 

80 

21 

*  Data  from  Saslaw  ct  al.  (17). 

*  Mean,  23.3  day*. 

*  Mean,  16.8  days. 


antibodies  in  guinea  pig*.  Only  2  of  10  samples 
taken  after  the  1 1th  day  yielded  R.  rkkettsit. 

Homogenate*  of  tissues  taken  at  autopsy 
from  13  monkeys  with  fatal  infection  were  also 
inoculated  into  guinea  pigs.  R  rkkettsit  was 
isolated,  respectively,  from  spleen,  liver,  kidney, 
lung,  and  brain  of  9  of  13, 6  of  10, 6  of  7, 6  of  8, 
and  3  of  6  animals.  Rickettsiae  were  recovered 
from  heart  blood  in  only  one  of  five  monkeys, 
although  they  were  isolated  from  other  tissues 
from  all  five. 

All  monkeys  surviving  long  enough  to  allow 
serial  serological  studies  showed  significant 
rises  in  complement -fixing  antibody  titers  (Table 
6),  with  peak  titers  at  14  to  33  days  (mean,  23.5 
days)  postchallenge.  In  contrast,  only  10  of  14 
showed  significant  tiler  changes  in  the  Weil- 
Felix  agglutination  test,  with  peak  titers  14  to 
21  days  (mean,  16.8  days)  after  challenge. 

Pathology 

Gross  and  microscopic  pathology  in  monkeys 
dying  after  exposure  to  aerosols  of  R.  rkkettsit 
were  similar  to  those  observed  in  monkeys  in¬ 
fected  by  other  than  the  respiratory  route  (It). 
The  lungs  consistently  showed  patchy  serous 
pneumonitis,  which  was  characterized  by  septal 
widening  associated  with  serous  exudation  and 
swelling  and  proliferation  of  capillary  endothelial 
cells.  Obvious  pneumonia  was  not  observed. 


Thus,  although  the  respiratory  tract  was  the 
portal  of  entry,  the  pathological  findings  were 
consistent  with  the  clinical  observation  that  pul* 
mooary  involvement  was  not  a  major  factor  in 
the  outcome  of  the  disease.  Severe  lesions  of  the 
skin,  ears,  and  nasal  septae  were  characterised 
by  vascular  thrombosis  and  necrosis.  Other 
findings  included  pericardial  effusion,  localized 
myocardial  capillaritis,  gkxneruHtis  and  inter- 
tubular  capillaritis,  endarteritis  of  the  pulmonary 
vessels,  fatty  degeneration  of  the  liver,  and  epfe- 
nomegely  with  lymphoid  depletion  for  the  first 
2  weeks,  followed  by  regeneration.  Congestion 
of  the  tunica  albuginea  was  a  frequent  lesion, 
as  was  congestion  or  hemorrhage,  or  both,  of  the 
adrenal  cortex  and  medulla.  No  groat  or  micro¬ 
scopic  lesions  were  seen  in  the  brain. 

Immunity  Studies 
Response  of  Vaccimnd  Monkeys 

In  an  attempt  to  establish  the  degree  and  dura¬ 
tion  of  immunity  conferred  by  vaccination, 
monkeys  were  challenged  with  aerosols  of  R. 
rkkettsit  at  intervals  up  to  1  year  after  three 
weekly  subcutaneous  injections  of  0.23  ml  of 
commercial  vaccine  (Lcderie  Laboratories.  Pearl 
River,  N.  Y  ).  In  the  first  of  four  experiments 
(Table  7),  four  vaccinated  monkeys  showed  no 
clinical  signs  of  illness  after  challenge  with  630 
ysldm  M  3  weeks  post  vaccination,  whereas  two 
control  monkeys  exhibited  typical  symptoms  and 
died  on  the  9th  and  1 0th  PED,  respectively. 
Results  of  laboratory  studies  indicated  that  sub- 
clinical  infection  had  been  established  in  three  of 
Tour  vaccinated  monkeys.  For  example,  three 
of  four  exhibited  positive  tests  for  CRP  and  char¬ 
acteristic  changes  in  the  leukocytes;  one  of  four 
showed  a  slight  but  significant  fever,  and  all 
four  showed  significant  increase*  in  comple¬ 
ment-fixing  antibody  titer  after  challenge. 

Similarly,  four  monkeys  challenged  with  341 
ysldm  6  weeks  after  vaccination  exhibited  no 
symptom*  after  exposure,  but  laboratory  evidence 
of  infection  was  obtained  in  two  of  four,  end  all 
four  showed  significant  rises  in  comp  lot  tent- 
fixing  antibody  titer.  Both  control  animals  be¬ 
came  acutely  ill  and  died  11  and  12  days,  respec¬ 
tively,  after  challenge. 

In  contrast,  when  monkeys  were  challenged  6 
months  postvaccina  lion  with  2,743  yslom.  one 
of  three  became  ill,  and  all  three  showed  signifi¬ 
cant  fever,  positive  CRP  reactions,  and  charac¬ 
teristic  changes  in  the  differential  count;  however, 
ail  three  survived.  All  three  control  animals  be¬ 
came  acutely  ill,  and  two  of  three  exhibited  typ¬ 
ical  rash.  One  or  three  died  on  the  9th  PED,  and 
the  remaining  two  survived.  When  two  monkeys 
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Table  7.  Comparison  of  response  of  tarelnairtl  ami  prrelnsly  Infer! til  monkeys  after  aerosol  challenge 

with  Mcketlsta  rlckellsll 


WmEi  tfttt  vmIhUm 


Wnk>  illtr  En) 


'VKtiMtlMi  JtrlAlltucr 


i 

inov 

'  IM11 

* 

‘in# 

51 

(l.W) 

1 

(2*4) 

1  m  ; 

(JBMI.7U) 

52 

Symptoms 

I  0/4* 

0/4 

1/3 

2/2 

0/2 

i 

i  0/13  i 

0/4 

10/10 

13/1.3 

Fevt. 

1/4 

2/4  1 

3/3 

2/2 

0/2 

i  6/13  i 

4/4 

10/10 

1.3/13 

Rash 

1  0/4 

0/4 

0/J 

1/2 

0/2 

i  0/1  * 

0/4 

8/ tO 

10/ 1’ 

Positive  CRP 

i  3/4 

2/4  . 

3/3 

2/2 

0/2 

!  11/13  1 

4/4 

10/10 

13/13 

Leukocyte  changes 

i  3/4 

2/4 

3/3 

1  2/2 

0/2 

3/4 

10/10 

13/13 

Died 

0/4 

;  0/4  ; 

0/3 

1/2 

0/2 

1  0/13  ! 

0/4 

8/IO 

10/13 

Complement-fixation 
antibody  rise 

4/4 

4/4 

3/3 

I/I' 

1 

0/2 

i  i 

12/13 

i  i 

4/4 

2/2- 

3/3' 

•  Number*  in  parentheses  show  the  vau>u  retained. 

1  Number  showing  symptom*  over  total  number  challenged. 

•  Survivors. 


were  challenged  with  1,980  yslom  I  year  pott- 
vaccination,  both  became  ill,  and  one  showed 
extensive  rash  and  died  on  the  10th  day.  All 
three  control  animals  experienced  acute  illness 
and  died  on  the  10th  or  11th  day.  The  clinical 
picture  in  both  vaccinated  monkeys  was  almost 
identical  to  that  seen  in  control  animal*. 

Response  of  Monkevs  After  Rochallenge 

Two  monkeys  that  had  become  ill  after  aerosol 
challenge,  and  that  had  recovered  spontane¬ 
ously.  were  rechallenged  with  264  YSLD„  2 
months  later  (Table  7).  Neither  showed  any 
evidence  of  infection;  both  remained  asympto¬ 
matic.  and  all  laboratory  tests  were  negative. 
Both  control  animals  became  ill  and  exhibited 
typical  rash;  1  of  2  died  oa  the  21st  FED.  Thus, 
the  first  infection  apparently  conferred  a  solid 
immunity.  Both  rechallenged  monkeys  had 
shown  peak  complement-fixing  antibody  liters 
of  1 :320  after  first  exposure.  Titers  had  dropped 
to  1 :80  in  both  by  the  time  of  rechallenge  and 
did  not  change  after  the  second  exposure. 

Thirteen  monkeys  that  had  been  previously 
infected  and  treated  successfully  with  antibiotics 
(see  below)  were  rechallenged  6  months  later 
with  doses  ranging  from  300  to  11,745  ysloh. 
None  exhibited  clinical  signs  of  illneu,  whereas 
all  of  eight  control  animals  became  acutely  ill 
and  six  of  eight  died.  However,  the  rechallenged 
monkeys  were  not  solidly  immune,  in  that  fever, 
positive  CRP  reactions,  and  changes  in  the  differ¬ 
ential  leukocyte  count  were  noted  in  6  of  13, 
11  of  13  and  8  of  13.  respectively,  after  the  sec¬ 
ond  exposure.  Complement-fixing  antibody 
titers  ranged  from  1:10  to  1:80  at  the  time  of 
rechallenge,  and  rose  significantly  in  12  of  13 
monkeys  to  1 :40  to  1  640  after  rechallenge 


In  addition,  four  infected  monkeys  that  had 
rscovernd  after  antibiotic  therapy  ware  rachel- 
tenged  1  year  later  with  1980  vau>M-  None  be¬ 
came  ill,  but  ell  four  exhibited  significant  fever 
and  positive  CRP  tests,  and  throe  of  four  showed 
changes  in  the  differential  count.  Three  additional 
monkeys  that  had  been  vaccinated  end  chal¬ 
lenged  by  aerosol  6  months  later  (see  above) 
were  challenged  a  second  time  in  this  experiment, 
ie.,  I  year  after  vaccination.  The  combination 
of  vaccination  and  challenge  resulted  in  solid 
immunity,  in  that  all  three  monkeys  remained 
well  and  ell  laboratory  tests  were  negative. 
Throe  control  animals  died  on  the  10th  or  11th 
day. 

Thus,  it  would  appear  that  as  in  man  (29), 
infection  apparently  resulted  in  immunity  of 
longer  duration  than  did  vaccination.  None  of 
19  monkeys  rechallenged  2,  6,  or  12  months 
after  recovery  from  established  infection  became 
ill.  No  illness  was  observed  in  monkeys  chal¬ 
lenged  6  weeks  after  vaccination.  However,  one 
of  three  and  two  of  two  challenged  6  and  12 
months,  respectively,  after  vaccination  showed 
typical  symptoms.  One  monkey  exposed  12 
months  postvaccination  exhibited  extensive  rash 
snd  died  on  the  10th  day. 

Antibiotic  Therapy  and  Prophylaxis 

The  response  of  monkeys  infected  by  the  aero¬ 
sol  route  to  appropriate  antibiotic  therapy  was 
similar  lo  that  observed  in  man  after  natural 
infection.  Therapy  was  not  instituted  in  monkeys 
until  at  least  48  hr  of  significant  fever  and  other 
signs  consistent  with  well-established  diesasc 
were  present.  Monkeys  treated  with  tetracycline, 
demethylchlortetracycline,  and  chloramphenicol 
became  afebrile  and  asymptomatic  within  1.5 
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Tablc  ft.  Result*  of  therapy  of  Rocky  Mountain 
ipoitnl  freer  to  monkeys' 
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TC  j  14.0  ! 

7 

0/2 

6 

IVI 

DMC  30.0 

2 

0/3 

1/2 

i 

|  13  0  i 

J 

TC  I  30.0  | 

2 

0/4 

| 

25  0  ; 

5 

7 

2.475 

C  73  0 

2 

0/6 

Vi 

! 

30  0 

5 

i 

E  SO  0  > 

2 

1/4 

1 

23  0 

3 

*  Data  from  S»il»w  tt  «l  (I6> 

‘DMC  -  ilemethylchlortctricyclme  (Declo- 
mycin);  TC  -  tetracycline  (Achromycin  Vt;  C  - 
chloramphenicol  •Chloromycetin*;  E  *»  erythro¬ 
mycin  eetointe  (llosone). 

*  Number  dead  per  total  number. 


to  3.5  daya  (16).  Erythromycin  etiolate  was 
somewhat  leta  effective,  and  recovery  occurred 
more  slowly  from  2  to  6  days  after  institution  of 
therapy.  As  can  be  seen  in  Table  8,  only  4  of  50 
treated  monkeys  died,  whereas  12  of  14  un¬ 
treated  controls  succumbed.  Thus,  the  effective¬ 
ness  of  broad-spectrum  antibiotics  in  treatment  of 
naturally  occurring  Rocky  Mountain  spotted 
fever  was  also  demonstrable  when  the  respira¬ 
tory  route  reived  as  the  portal  of  entry. 

Studies  on  prophylaxis  (16)  showed  that  ad¬ 
ministration  of  30  and  50  mg /kg  per  day  of 
demethylchlortetracycline  and  tetracycline,  re¬ 
spectively,  for  3  days  prior  to  challenge  merely 
delayed  onset  of  symptoms  for  2  days,  and 
deaths  'occurred  4  to  5  days  later  than  in  con¬ 
trol  animals.  When  the  same  doses  of  each  drug 
were  given  daily  for  3  or  5  days,  beginning  with 
the  day  of  expovure,  signs  of  illness  were  delayed 


for  about  a  week,  but  six  of  nine  died  as  com¬ 
pered  with  one  of  two  in  controls. 


Studiu  on  PaaitntNct  or  R.  RtrKerr.ni  in 
Monkbyi 

Limited  studies  were  conducted  to  determine 
whether  R.  ekktutU  could  be  recovered  from 
monkeys  that  survived  infection  spontaneously 
or  after  antibiotic  therapy.  In  addition,  previously 
vaccinated  monkeys  that  were  subsequently 
chaUengri  were  included. 

Of  4  monkeys  that  recovered  spontaneously 
and  ware  sacrificed  25  to  75  days  after  challenge, 
R.  rtekatu «  was  isolated  by  guinaa  pig  inocula¬ 
tion  of  splenic  tiaaua  from  one  monkey  sacrificed 
on  the  27th  day.  The  spleens  and  other  tissues  of 
the  other  three  felled  to  yield  lickattaiae. 

Tbe  only  ocher  monkey  from  which  R.  rkketuil 
was  ieofatosd  had  been  treated  successfully  with 
damathylchioreatracycMuB  for  7  days  and  sacri¬ 
ficed  on  the  48th  day.  The  or^niim  was  iso¬ 
lated  from  a  bronchial  lymph  node,  but  not  from 
other  tissues. 

No  iaoiatas  ware  obtained  from  25  other  treated 
mocker  sacrificed  25  to  75  days  after  challenge. 
Similarly,  no  isolates  were  obtained  from  6 
monkeys  previously  vaccinated  and  then  sacri¬ 
ficed  27  to  98  days  after  challenge. 

Although  other  avenues  of  approach  may  have 
yielded  evidence  of  persistence  of  R.  rkktttsii 
fat  tissues  of  infected  monkeys,  these  studies  via 
guinea  pig  inoculation  remitted  in  isolation  in 
only  two  instances,  27  and  48  days  after  chal¬ 
lenge.  Various  studies  have  demonstrated  tbe 
presence  or  recrudescence  of  ricketUiac  long 
after  initial  infection  (9).  Attempts  to  activate 
infection  with  cortisone  were  not  wccessful  in  16 
monkeys.  It  is  conceivable  that  other  stresses, 
such  as  X  irradiation,  or  the  use  of  tissue  culture 
or  immunofluorescence,  may  have  resulted  in 
detection  of  riefcettsiae  more  frequently. 


COMMUNtCABOmr 

During  the  entire  course  of  these  studies, 
there  was  no  evidence  either  clinically  or  sero¬ 
logically  of  monkey-to-monkey  transmission  of 
disease.  Normal  monkeys  kept  in  the  same  or 
adjacent  cage  showed  no  evidence  of  experience 
with  R.  rickeirsti  even  when  contacts  were  made 
shortly  after  aerosol  challenge  of  test  monkeys. 
This  is  consistent  with  observations  of  the  non- 
appearance,  in  the  absence  of  arthropod  vectors, 
of  naturally  occurring  infection  in  man  (5)  or 
of  naturally  occurring  infection  of  guinea  pigs, 
as  seen  in  our  laboratory. 
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There  are  occasions  in  the  practice  of  medicine 
when  the  exact  source  or  portal  of  entry  of  the 
infectious  agmt  cannot  be  eeubUahed  with  cer¬ 
tainty.  Similarly,  in  laboratory-acquired  infec¬ 
tion*,  there  has  been  increasing  evidence  that 
infections  have  occurred  in  the  absence  of  lab¬ 
oratory  accidents  or  poor  technique  (26).  This 
has  Isd  to  a  greater  appreciation  of  the  potential 
n>le  of  "aerogsnic  transmission"  of  a  wide  vari¬ 
ety  of  diseases.  In  recent  years,  studies  of  experi- 
mantal  tularemia  tat  monkeys  (3)  and  man  (II,  19) 
have  demonstrated  the  infoctivity  of  aerosol*  of 
Frmdtt&a  nJartntts  end  have  confirmed  the 
that  tularemia  'tad  been  inquired  in 
laboratories  by  the  respiratory  route  (26). 
There  observation  support.  other  studies  which 
have  until n ml  that  the  respiratory  tract  could 
serve  ss  a  portal  of  entry  even  in  arthropod- 
borne  infections,  such  as  typhus,  rickettsialpox, 
yellow  fever  (24),  Venezuelan  equine  encephalo 
myelitis  (10, 20,  21),  end  St.  Louis  encephslitis 
(IS). 

Spencer  end  Parker  (22),  among  others,  recog¬ 
nized  that  infection  of  laboratory  workers  with 
R.  rickftuil  was  frequently  observed  in  the 
absence  of  a  history  of  tick  bite.  Their  studies 
showed  that  infection  in  guinea  pigs  could  he 
induced  by  instillation  of  the  orgudsm  in  the 
conjunctival  sac  or  by  placing  a  drop  of  infected 
tick  tissue  suspension  in  the  mouth.  The  respire 
tocy  route  was  not  investigated.  The  results  of 
our  studies  with  R  ricktutii  aerosols  in  monkeys 
suggest  that  some  cases  of  Rocky  Mountain 
spotted  fever  in  laboratory  workers  could  have 
been  due  to  inhalation  of  aerosols  Monkeys 
were  highly  susceptible  to  R.  rteknuii  attaints- 
tered  by  aerosol;  one  monkey  which  retained 
only  1.5  vslDm  became  acutely  ill,  exhibited 
typical  rash,  and  died,  as  did  five  of  six  receiving 
four  to  six  vsldm  Of  further  importance  is  the 
feet  that  the  clinical  response  in  monkeys  ex¬ 
posed  to  aerosols  of  R  rickensii  was  similar  to 
that  seen  in  monkeys  infected  by  other  routes  (I, 
27).  Thus,  accidental  aerosol  exposure  of  men 
might  he  expected  to  result  in  disease  indistin 
guishihle  from  that  resulting  from  a  tick  bile. 
Of  additional  significance  is  the  similarity  be 
tween  clinical  and  laboratory  findings  in  monkeys 
and  those  observed  in  naturally  occurring  Rocky 
Mountain  spotted  fever  in  man 

As  in  man,  high  fever  was  a  constant  finding 
in  monkeys  exposed  to  aerosols  of  R  ricAetisii, 
but  morning  remissions  of  fever  seen  in  man 
(5,  29)  were  not  observed  in  monkeys  The 
appearance  of  fever  and  symptoms  5  to  7  and 
6  to  9  days,  respectively,  after  aerosol  exposure 


of  monkeys  is  in  agreement  with  the  observed 
incubation  period  in  man  (29).  Also  as  in  man, 
monkeys  first  showed  lethargy  and  weakness, 
followed  by  acute  illness  terminating  in  prostra¬ 
tion  and  coma.  The  abnormal  heart  sounds  heard 
in  monkeys  during  the  acute  stages  were  similar 
to  those  in  man  (2). 

Monkeys  exposed  to  aerosols  of  R.  rkittttif 
exhibited  rath  and  peripheral  necrosis  similar 
to  those  observed  in  the  naturally  occurring  in¬ 
fection  in  man,  but  the  distribution  of  the  rath 
was  different.  In  monkeys,  rash  was  observed 
most  frequently  on  the  extremities  and  head. 
Involvement  of  the  trunk  was  limited  to  the  lower 
back,  perianal,  and  perineal  regions.  In  the  classic 
disease  in  man,  rash  begins  on  the  wrists  and 
■itklre  and  spreads  to  the  trunk,  so  that  the  en¬ 
tire  body  may  be  involved.  None  of  the  monkeys 
exposed  to  aerosols  showed  typical  rash  on  the 
chest  or  abdomen.  Howeve.  the  rash  in  man 
may  be  minimal  and  fleeting  in  mild  cases  (5). 
As  in  man,  peripheral  necrosis  in  monkeys  usu¬ 
ally  involved  only  the  ears  and  digits.  In  addition, 
necrosis  of  the  tail,  tip  of  the  penis,  and  skin 
over  tV  patella  was  noted  in  one  monkey  each. 

Laboratory  findings  in  monkeys  exposed  to  R. 
HeAensll  aerosols  were  also  similar  to  those  in 
Rocky  Mountain  spoiled  fever  in  man.  Anemia 
was  observed  regularly  in  acutely  ill  animals.  A 
marked  lift  shift  of  neutrophils  was  noted  in  55 
of  56  monkeys  that  became  ill  after  exposure; 
about  50%  exhibited  significant  leukocytosis. 
Although  opinions  differ  as  to  Use  frequency 
with  which  changes  in  the  leukocytes  are  ob¬ 
served  in  man,  Harrell  (5)  has  stated  that,  as  the 
disease  progresses,  leukocytosis  with  a  left  shift 
in  the  differential  leukocyte  count  is  noted. 

RkketUemia  wes  readily  demonstrable,  by 
guinea  pig  inoculations,  6  to  1 1  days  after  expo¬ 
sure,  but  not  diving  the  first  3  days  and  only  in¬ 
frequently  after  the  llth  day.  In  man,  ricketuiae 
can  be  recovered  from  the  blood  throughout  the 
1st  week  of  illness  and  during  the  first  part  of 
the  2nd  week  (5)  with  sufficient  regularity  to 
make  the  guinea  pig  infection  test  a  reliable  diag¬ 
nostic  procedure 

As  in  men,  surviving  monkeys  showed  OX  19 
agglutinins  and  complement- fixing  antibodies. 
All  of  14  exhibited  significant  increases  in  com 
piemen! -fixing  antibodies,  whereas  significant 
tiler  changes  were  noted  in  only  10  of  14  as 
me* ui red  by  the  Weii-Felix  test.  Peak  OX-19 
agglutination  titers  were  obeerved  14  to  21  days 
(mean,  16.8  days)  after  exposure,  whereas  peek 
complement  fixing  antibody  titers  were  not 
attained  until  14  to  35  days  (mean,  23.5  days) 
postchallenge.  In  Rocky  Mountain  spotted  fever 
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in  man,  OX  19  agglutinins  are  almost  always 
present  by  the  !2lh  day  of  illness  (29),  althouah  a 
few  patients  never  show  a  positive  Well  Felix 
test.  Complement  fixing  antibodies  appear  dur¬ 
ing  the  2nd  or  3rd  week  of  illness,  i.e.,  later  than 
OX  19  agglutinin*.  Hcrsey,  Colvin,  and  Shepard 
(8)  have  shown  that  the  complement-fixation 
test  is  more  sensitive  than  the  Weil-Felix  reaction 
in  detecting  Rocky  Mountain  spotted  fever  in 
man. 

Studies  of  the  effectiveness  of  vaccination  in 
monkeys  and  the  response  of  monkeys  to  re- 
challenge  provided  further  similarities  in  R 
ricketltli  infections  in  monkeys  and  man.  None 
of  19  monkeys  rechaUtnged  2,  6,  or  12  months 
after  recovery  from  established  infection  became 
ill.  Vaccination  ana  effective  in  preventing  symp¬ 
toms  after  challenge  6  weeks  later,  but  one  of 
three  and  two  of  two  challenged  6  and  12  months, 
respectively,  after  vaccination  showed  typical 
symptoms,  and  one  of  two  expoeed  12  months 
post  vaccina  lion  became  acutely  ill.  exhibited 
typical  rash,  and  died.  It  is  generally  agreed  that, 
in  men,  recovery  from  infection  confers  a  higher 
level  of  immunity  of  longer  duration  than  does 
vaccination. 

In  addition,  the  response  of  infected  monkeys 
to  antibiotic  therapy  was  similar  to  that  observed 
in  Rocky  Mountain  spotted  fever  in  humans. 
Monkeys  became  afebrile  and  asymptomatic  1.3 
in  3.3  days  after  institution  of  therapy  with  tetra 
eye  line,  demethylchlonetracycline,  or  chloram¬ 
phenicol  Erythromycin  estokte  was  somewhat 
less  effective,  however.  Chloramphenicol,  chlorte- 
tiacycliiK.  oxyietracydine,  and  tetracycline 
have  proved  to  be  effective  chemotherapeutic 
agents  in  human  infections,  but  erythromycin 
failed  to  alter  either  the  febrile  or  toxic  course  of 
the  illness  in  two  patienu  (29). 

Thus,  throughout  these  studies  of  monkeys 
exposed  to  aerosols  of  R.  rkktmii,  remarkable 
similarities  to  the  naturally  occurring  infection 
in  man  were  observed.  Additionally,  the  clinical 
picture  in  monkeys  exposed  to  aerosols  was 
similar  lo  that  observed  by  others  in  monkeys 
challenged  hy  other  than  the  respiratory  route. 
From  these  results,  it  would  be  predicted  that  ex¬ 
posure  of  man  to  R.  rkketuii  aerosols  would 
result  in  illness  much  like  that  observed  after  a 
tick  bite.  These  studies  in  monkeys  would  sug¬ 
gest,  therefore,  that  aerogenic  transmission  should 
he  considered  in  infections  of  laboratory'  person¬ 
nel  who  have  had  no  known  contact  with  ticks. 
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Discussion 

ARTHUR  N.  GOREL1CK 

U.S.  Army  Biological  Ctnttr,  Fort  Delrkk,  Frederick,  Maryland 


Rocky  Mountain  spotted  fever  (RMSF)  in 
man  is  rarely  acquired  by  means  other  than  tick 
bite.  Nevertheless,  a  number  of  instances  have 
occurred  in  the  past,  especially  among  laboratory 
workers,  in  which  it  was  possible  to  infer  that 
some  of  these  rickettsial  infections  were  trans¬ 
mitted  aerogenically  (3,  4). 

Saslaw  and  Carlisle  have  presented  incontro¬ 
vertible  experimental  evidence  that  the  etio¬ 
logical  agent  of  RMSF,  in  remarkably  small 
doses,  can  produce  a  true  airborne  infection  in 
monkeys.  A  point  to  be  emphasized  is  that  a 
disease  naturally  transmitted  by  ticks  can  aiso  be 
induced  by  aerosols  of  the  microorganism.  During 
the  past  decade  o.  more,  H  has  been  demon¬ 
strated  that  a  number  of  classical  arthropod- 
borne  diseases  can  be  established  in  laboratory 
animals  exposed  to  aerosols  of  the  respective 
microorganisms;  Venezuelan  equine  encephalitis 
(6),  Rift  Valley  fever,  and  yellow  fever  are  a  few 
examples  (2). 

A  question  that  arises  is:  do  aerosols  of  these 


infectious  microorganisms  play  any  role  in  the 
ecology  of  the  diseases  they  produce?  In  analyz¬ 
ing  the  question,  one  conies  to  th  conclusion 
that  aerogenic  transmission  has  little,  if  any, 
influence  on  the  ecological  aspects  of  the  arbo¬ 
virus  diseases  mentioned.  It  is  tempting  to  specu¬ 
late,  however,  that  the  aerosol  stability  of  some 
of  the  rickettsiae  might  be  of  some  importance 
in  determining  whether  they  can  also  be  aero- 
genically  transmitted.  It  can  be  shown  experi¬ 
mentally  that  the  aerosol  stability  of  the  rickett¬ 
siae  of  RMSF  and  typhus  is  relatively  low,  con¬ 
siderably  lower,  in  fact,  than  that  of  the  rickett¬ 
siae  of  Q  fever  ( unpublished  data),  which  is  char¬ 
acteristically  transmitted  by  aerosol  in  man.  It  is 
interesting  to  note  parenthetically  that  RMSF 
and  Q  fever  resemble  each  other  ecologically  in 
b'  :  involved  with  the  same  biotic  tetrad — the 
n  ...ttsiae,  the  ticks,  vertebrates  (mainly  mam¬ 
mals),  and  man.  The  importance  of  ticks  in  the 
maintenance  of  both  diseases  in  nature  is  un¬ 
questioned;  yet,  in  man  RMSF  is  caused  almost 
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exclusively  by  infected  ticks,  and  Q  fever  is  trans¬ 
mitted  almost  exclusively  by  aerosols.  Thus 
epidemiological  disease  patterns  may  be  influ¬ 
enced  to  some  extent  by  the  survival  capacity  of 
infectious  microorganisms  in  the  airborne  state. 

Another  point  of  interest  concerns  the  treat¬ 
ment  of  RMSF  with  certain  antibiotics,  which 
are,  without  question,  highly  effective  therapeu¬ 
tic  agents  against  the  disease.  Before  the  advent 
of  antibiotics,  mortality  was  exceedingly  high 
and  RMSF  greatly  taxed  the  symptomatic  and 
supportive  therapeutic  resources  available.  One 
can  see  a  dramatic  reduction  in  mortality  from 
approximately  20  to  5%  since  1949,  the  year  when 
antibiotic  treatment  was  first  introduced.  It  is  a 
matter  of  record  also  that,  with  the  availability 
of  the  highly  effective  therapeutic  agents,  the 
utilization  of  vaccine  has  correspondingly  de¬ 
creased — except  perhaps  far  those  at  great  risk. 
Despite  the  gradual  decrease  in  the  total  number 
of  cases  reported  each  year  since  1949  in  the 
United  Stages,  and  the  reduction  in  the  case- 
fatality  rat  .  RMSF  continues  to  be  an  important 
disease,  r  .peeially  among  children  in  the  South 
Atlantic  States  (5).  Atwood  et  al.  (1)  have  pre¬ 
sented  evidence  which  indicates  that  “the  true 
incidence  of  RMSF  is  currently  much  greater 
than  the  number  of  reported  cases.1'  One  reason 
for  the  discrepancies  in  the  statistical  data  is  the 
wide  use  of  broad-spectrum  antibiotics  early  in 
the  course  of  many  febrile  illnesses.  It  was  be¬ 
cause  of  these  facts  and  the  almost  complete  re¬ 
liance  on  antibiotics  in  dealing  with  this  disease 
that  an  attempt  was  made  to  determine  whether 
the  rickettsiae  of  ..  dSF  could  be  rendered  re¬ 
sistant  to  selected  antibiotics. 

Employing  the  procedures  of  Weiss  and 
Dressier  (7)  with  some  modifications,  we  ex¬ 
posed  rickettsiae  of  RMSF  in  continuous  passage 
to  erythromycin  (73  passages),  oxytetracycline 
(55  passages),  and  chtortetracycline  (50  pas¬ 
sages).  Application  of  high  antibiotic  concentra¬ 
tion  to  a  large  number  of  infected  eggs  was  also 
attempted  to  isolate  resistant  mutants  by  subse¬ 
quent  passage  in  eggs  injected  with  the  same  three 
antibiotics.  In  limited  experiments,  ultraviolet 
radiation  was  also  employed  as  a  mutagen.  Under 
these  kinds  of  experimental  conditions,  no  anti¬ 


biotic-resistant  mutants  hare  been  isolated.  This 
is  not  to  be  interpreted  to  mean  that  these  rick¬ 
ettsiae  cannot  become  antibiotic  resistant.  The 
matter  of  mutation  rate  may  be  involved-one 
much  lower  than  lO"7  or  10~*.  The  data  do  sug¬ 
gest,  however,  that  the  chance  appearance  of 
antibiotic-resistant  strains  of  RMSF  is  remote. 

Although  the  danger  of  the  rickettsial  diseases 
has  diminished,  most  of  these  infections  remain 
widespread,  constituting  an  ever-present  threat 
to  human  health.  RMSF  will  probably  continue 
to  be  a  problem  in  the  United  States,  affecting 
about  200  persons  or  more  annually.  The  number 
of  cases  might,  in  feet,  increase  because  trends  in 
land  use  seem  to  be  increasing  the  amount  of  area 
suitable  for  tick  habitation,  and  because  many 
such  areas  are  being  suburbanized  (1).  Thus,  in 
this  country,  RMSF  merits  continuing  vigilance 
and  research  into  methods  for  its  treatment, 
control,  and  eventual  eradication. 
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Introduction 

"Wooborter’s  disease,”  or  inhalation  anthrax, 
was  a  erious  problem  in  Europe  in  the  latter 
part  of  the  19th  century;  at  least  several  hundred 
cases  were  reported,  with  an  associated  high 
fatality  rate.  Governmental  inquiries  conducted  in 
dffierent  countries  (9,  10,  15,  17)  resulted  in  a 
series  of  effective  control  regulations,  including 
the  establishment  in  Liverpool  of  a  disinfection 
station  (14),  where  all  “dangerous  wool  and  goat 
hair”  had  to  be  decontaminated  before  being 
further  processed  in  England. 

In  the  United  States,  however,  inhalation 
anthrax  has  never  been  a  serious  problem,  al¬ 
though  workers  have  routinely  been  exposed  to 
naturally  occurring  aerosols  while  processing  im¬ 
ported  wool,  goat  hair,  and  hides.  Since  1900, 
there  have  been  fewer  than  20  cases  of  inhalation 
anthrax  reported  m  the  United  States  (13);  ap¬ 
proximately  half  of  these  occurred  among  in¬ 
dividuals  with  only  fleeting  contact  with  ma¬ 
terials  known  to  be  contaminated.  The  only  re¬ 
ported  epidemic  of  the  disease  in  this  country 
occurred  in  1957  among  employees  at  a  goat-hair 
processing  mill  in  Manchester,  N.H.  (6,  13). 
Five  individuals  developed  inhalation  anthrax 
over  a  10-week  period,  with  four  fatalities.  Other 
cases  since  1957  have  involved  a  laboratory  em¬ 
ployee  who  was  accidentally  exposed,  a  secretary 
in  a  goat  hair  processing  mill  who  entered  a 
highly  contaminated  area  for  only  a  brief  mo¬ 
ment,  and  a  27-year-old  man  with  quiescent 
Boeck’s  sarcoidosis  whose  only  known  contact 
was  in  passing  the  open  receiving  door  of  a  tan¬ 
nery  on  his  way  home  from  work  (7). 

It  is  not  clear  why  more  cases  have  not  occuned 
in  goat-hair  and  woolen  mills  and  in  tanneries, 
especially  among  employees  working  in  the 
dustiest  areas  where  the  most  concentrated 
Bacillus  anthrocis containing  aerosols  are  created. 
It  may  be  that  the  dose  to  which  employees  are 


exposed  is  below  the  infecting  dose  for  man,  or 
that  employees  have  developed  resistance  from 
chronic  exposure.  It  is  conceivable  that  cases 
have  occurred  that  were  not  properly  diagnosed. 
Equally  unusual  has  been  the  sporadic  occurrence 
of  cases  in  people  with  no  industrial  exposure.  It 
may  be  that  these  individuals  are  unusually  sus¬ 
ceptible,  as  may  have  been  the  case  with  the  in¬ 
dividual  with  Boeck’s  sarcoidosis.  More  specific 
information  about  inhalation  anthrax  in  man  is 
currently  difficult  to  obtain  because  almost  all 
workers  in  the  high-risk  industries  within  the 
United  States  have  been  immunized  (8). 

Significant  data  related  to  the  pathogenesis  of 
the  disease  and  the  dose-response  relationships 
have  been  reported  on  the  basis  of  animal  studiw 
conducted  in  both  this  and  other  countries  (1,  2, 
4,  16,  19).  However,  these  studies  have  involved 
exposures  to  pure,  concentrated  aerosols  of  B. 
anthrocis  over  relatively  short  periods  of  time. 
There  have  been  no  reports  on  the  effect  of 
chronic  exposure  of  animals  to  aerosols  con 
taining  B.  anthrocis,  either  homogeneous  aerosols, 
as  in  laboratory  experiments,  or  heterogeneous 
aerosols,  as  in  the  natural  situation  in  a  factory. 

At  the  Conference  on  Airborne  .’"fection, 
Riley  discussed  his  studies  on  air  bom.  tuber¬ 
culosis  in  guinea  pigs  (11),  in  which  be  utilized 
a  holding  chamber  through  which  air  passed 
from  rooms  housing  patients  with  sputum-posi¬ 
tive,  cavitary  tuberculosis.  Using  this  physical 
arrangement  es  a  model,  the  authors,  with  Harold 
Glassman  and  Elwood  Wolfe  of  Fort  Detrick, 
developed  a  protocol  to  study  the  clinical  course, 
pathogenesis,  and  dose-response  relationships  of 
experimental  animals  to  a  naturally  occurring  B. 
anthrocis  aerosol  produced  in  a  goat-hair  process¬ 
ing  mill. 

Materials  and  Methods 

A  40- foot  trailer  was  outfitted  at  Fort  Detrick 
(under  the  direction  of  Harold  Curry  )  as  a  com- 
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btned  aniiml  exposure  chamber  and  laboratory 
and  was  subsequently  located  at  a  mill  in  South 
Carolina  (Fig.  1).  This  mill  processes  goat  hair, 
Imported  mainly  from  India  and  Pakistan,  into  a 
woven  hair-cloth  interlining  for  suit  coats.  There 
wen  approximately  250  employees,  all  of  whom 
had  beat  immunized  with  the  Wright  anthrax 
antigen  (8).  Prior  to  immunization,  19  cases  of 
cutaneous  anthrax  had  been  reported  during  the 
2.5  years  the  mill  had  been  in  operation.  Inhala¬ 
tion  anthrax  had  never  been  reported  at  this  mill. 

The  aerosol  for  animal  exposure  was  created 
around  the  picking  machine,  the  first  machine  in 
the  processing  cycle,  where  the  clumps  of  hair 
were  raked  apart.  The  mill  usually  worked  8  hr 
a  day  and  5  days  a  week,  but  the  picking  machine 
was  m  operation  intermittently  during  the  work¬ 
ing  day  for  ■  total  operational  time  of  from  2  to  4 
hr.  Plastic  conduits  located  in  a  hood  over  the 
picking  machine  and  a  suction  fan  were  installed 
to  carry  the  aerosol  from  the  mill  through  the 


animal  exposure  chamber  and  back  again  to  the 
mill  (Fig.  1,  bottom).  A  "T"  connection  made  it 
possible  to  bring  in  outside  air  when  the  animals 
were  not  being  exposed  to  mill  air.  The  trailer  was 
completely  self-sufficient  except  for  water  and 
electricity. 

As  a  result  of  experiences  at  Fort  Detrick,  the 
cynomoigus  monkey  was  selected  as  the  test 
animal.  Preconditioned  3-lb  monkeys  imported 
from  Asia  were  used  in  all  runs.  All  monkeys  were 
tuberculin-negative;  if  necessary,  they  were 
treated  far  respiratory  disease  and  parasites  but 
not  less  than  7  days  prior  to  exposure.  The  mon¬ 
keys  were  grouped  two  or  three  to  a  cage  and  fed 
a  standard  diet,  fresh  fruit,  and  water  ad  libitum. 
The  temperature  in  the  exposure  area  was  con¬ 
trolled  between  22  and  33  C.  Monkeys  were  bled 
for  serological  studies  before  they  entered  the 
trailer,  at  intervals  during  the  exposure  period, 
and  at  the  termination  of  exposure  in  the  case  of 
survivors.  Monkeys  were  observed  at  least  three 
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times  a  day,  and  autopsies  were  performed  as  soon 
as  possible  after  death.  All  surviving  animals  were 
sacrificed  with  an  intravenous  injection  of  Nem¬ 
butal.  Postmortem  examinations  were  conducted 
in  general  accord  with  the  procedures  outlined  in 
the  veterinary  necropsy  protocol  of  the  Armed 
Forces  Institute  of  Pathology,  Washington,  D.C. 
Appropriate  cultures  were  obtained,  and  the 
tissue  blocks  in  10%  formaldehyde  were  re¬ 
turned  to  Fort  Detrick,  where  Frederic  O. 
Dalklorf,  Pathology  Division,  performed  the 
histological  examinations. 

With  the  cooperation  of  Harry  Lefkowitx, 
Fort  Detrick,  the  protocol  for  obtaining  air 
samples  in  the  exposure  chamber  was  developed. 
The  all -glass  impinger  with  the  British  preim- 
pinger  was  selected  as  the  standard  air-sampling 
equipment  to  be  used  (18).  Each  sampler  was  run 
for  20  min,  and  air  samples  were  obtained 


throughout  all  periods  during  which  the  monkeys 
were  exposed  to  mill  air.  The  impinging  fluid 
consisted  of  20  ml  of  gelatin  phosphate  collecting 
fluid  with  3  drops  of  e  1:10  dilution  of  Dow- 
Coming  Antifoam  A.  The  bacterial  content  of 
the  collected  samples  was  determined  by  streak¬ 
ing  0.1  ml  from  the  reagitated  collecting  fluid  on 
each  of  three  5%  human  blood-agar  plates, 
which  were  then  incubated  at  37  C  for  13  to  20 
hr.  All  suspicious  colonies  were  counted,  and  a 
representative  number  were  examined  by  routine 
bacteriological  methods.  Calculation  of  the  doee 
of  i  cm'hracis-  bearing  particles  less  than  5  a  I* 
diameter  inhaled  by  individual  monkeys  was 
based  on  the  various  dilution  ftetors,  the  average 
number  of  B.  anthracis  colonies  per  plate  during 
expoeure,  and  an  estimated  reapiiauvy  rate  of  I 
liter  per  min.  (All  farther  discussion  of  the  cal¬ 
culated,  inhaled  doee  of  B.  wrfAratir-bearing 
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Fig.  3.  Estimated  daily  dosage  (aerosol)  per  monkey  of  Bacillus  antkracls. 


DAY  Of  RUN 

*NVtLOFINt  LIltONS  AT  TIME  OF  UOtmCI 

Fig.  4.  Estimated  camahtire  dotage  <  aerosol  i  get  monkey  of  Bardins  amhracls. 


particles  refers  to  those  particles  less  than  5  a  in 
diameter.) 

There  were  five  separate  exposure  periods  ex¬ 
tending  over  18  months.  Because  of  inadequate 
preconditioning  of  the  monkeys,  difficulties 
with  the  environmental  control  within  the  ex¬ 
posure  chamber,  and  deficiencies  in  the  collec¬ 
tion  of  air  sample,  and  serum  specimens,  the 
data  from  the  first  two  runs  were  considered  to  be 
inadequate  for  analysis.  These  technical  problems 
were  corrected  by  changes  in  the  trailer  set-up 
and  protocol.  The  remainder  of  this  discussion 
will  deal  with  the  data  developed  from  the  third, 
fourth,  and  fifth  runs.  In  the  third  and  fourth 
runs,  the  animals  were  exposed  constantly  during 
the  working  day,  regardless  of  whether  the  pick¬ 
ing  machine  was  in  operation,  and  air  samples 
were  collected  continuously  during  this  exposure. 
During  the  fifth  run,  exposure  was  limited  to  the 
periods  when  selected  bales  of  goat  hair  were 
actually  being  picked. 

Results 

During  the  third  run,  32  monkeys  were  ex¬ 
posed  during  47  consecutive  days;  12  of  them 
died  of  anthrax  between  the  13th  and  the  46th 
day  of  exposure  (Fig  2,  3,  4,  Table  1 1.  Anthrax  in 
II  of  these  deaths  was  diagnosed  at  necropsy, 
and,  in  an  additional  death,  when  the  microscopic 


sections  vwre  examined.  Two  monkeys  died  of 
other  causes.  The  18  survivors  were  sacrificed 
and  examined;  two  of  them  evidenced  anthrax 
infection  (no.  31  and  30),  one  by  positive  blood 
culture  (no.  31),  and  both  by  the  presence  of  or¬ 
ganisms  resembling  B  amhracls  in  mediastinal 
lymph  node  sections.  Fluorescent-antibody 
studies  of  sections  from  these  two  monkeys  con¬ 
firmed  the  identification  of  anthrax  organisms 
in  one  (no.  31)  and  were  questionably  positive  in 
the  other  (no.  50).  The  remaining  16  monkeys 
appeared  to  be  free  from  any  anthrax  infection. 
The  final  anthrax  fatality  rate  was  43.8  (r- 

Actual  exposure  occurred  during  only  32  of  the 
consecutive  47  days  of  the  third  run,  and  the  daily- 
mean  for  these  days  was  530  B.  amhracis -bearing 
particles.  Exposure  on  the  1st  day  of  the  third 
run  was  greater  than  any  other  single  day's  ex¬ 
posure  in  all  the  runs,  being  calculated  at  an  in¬ 
haled  dose  of  2,300  B  amhracis- bearing  particles. 
A  cluster  of  six  deaths  occurred  between  15  and 
18  days  after  this  peak  exposure.  Other  deaths 
were  scattered  through  the  remainder  of  the  run. 
The  total  calculated  inhaled  dose  for  monkeys 
surviving  the  exposure  was  16, 962  B.  anthrocis- 
btaring  particles  less  than  5  a  in  diameter. 

During  the  fourth  run,  31  monkeys  were  ex¬ 
posed  over  41  days.  Survivors  were  held  for  an 
additional  10  days  before  being  sacrificed.  A 
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•Symbol*:  +  -  grossly  pathologic;  -  -  no  significant  abnormal  findings,  ?  -  questionable  ab¬ 
normal  findings. 

‘Hemorrhagic  appearance  to  lungs. 

'  Heavy  overgrowth  with  Pro  inn  specie*. 


*  Sacrificed  as  normal  at  end  of  run. 

total  of  seven  monkeys  (22.6'r)  died  of  anthrax, 
five  during  the  41  days  of  exposure  between  the 
14th  and  the  46th  day,  and  two  during  the  10-day 
postexposure  holding  period  4  and  5  days  after 
exposure  was  terminated.  Two  monkeys  died  of 
other  causes  None  of  the  sacrificed  animals  had 
evidence  of  anthrax  infection.  There  was  actual 
exposure  on  25  days  of  the  total  of  41  consecutive 
days,  and  the  daily  mean  for  these  days  was  198 
B  anthroas  bearing  particles.  The  total  calcu¬ 
lated  inhaled  dose  over  the  41 -day  period  was 
4,959  B  anthrxKis -hearing  particles. 

To  develop  additional  specific  dose-response 
data,  in  the  fifth  run  animals  were  exposed  to  as 


concentrated  an  aerosol  as  possible  and  then  held 
for  a  prolonged  observation  period.  Accordingly, 
arrangements  were  made  with  the  mill  to  process 
■  maximal  number  of  bales  of  goat  hair  through 
the  picking  machine  as  rapidly  as  possible. 
Twenty -eight  monkeys  were  initially  exposed 
during  three  separate  periods  over  three  suc¬ 
cessive  days  to  a  calculated  aerosol  of  947  B. 
cmrhracis- bearing  particles.  The  animals  were 
then  held  for  an  additional  25  days  without 
further  exposure  to  mill  air.  Two  animals  died  of 
inhalation  anthrax  10  and  17  days  after  the  first 
day  of  exposure,  and  four  died  of  other  causes. 
The  limits  of  the  incubation  periods  for  these 
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Tuu  3.  Summary  of  mkrotcofk  fiollogt — (mooktyi  that  4to4~tktr4,  fourth,  and  fifth  nun 
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-  Key  for  lymph  node  morphology:  +  -  anthrax  bacilli  with  follicular  necrosis;  44  -  bacilli  with 
necrosis  and  edema;  +  4  -i-  «  bacilli  with  necrosis,  edema,  and  hemorrhage. 

*  Key  for  splenic  morphology:  +  -  sinusoids  engorged  with  neuirophils;  44  -  neutrophils  in 
sinusoids  plus  central  necrosis  of  malpighian  bodies;  +  4  +  -  necrosis  of  red  and  white  pulp. 

*  Key  for  pulmonary  edema:  +  -  minimal  edema;  44  -  moderate  edema,  +  +  +  »  marked  edema; 
-  -  no  edema  in  alteoli.  <0  -  no  tissue  submitted.) 

two  deaths  were  7  and  17  days.  The  totality  rate  guinea  pigs  were  exposed  to  the  same  aerosols 
was  7.2*!r.  Subsequently,  the  remaining  22  and  held  for  the  same  period  as  the  monkeys, 
monkeys  were  exposed  during  two  separate  None  of  them  died  of  anthrax, 
periods  over  31  hr  to  a  calculated  aerosol  of  Datldorf  studied  sections  from  the  9|  monkeys 
1,347  B  onthrocis  bearing  panicles.  No  deaths  on  which  autopsies  had  been  done  All  had  lesions 
occurred  during  the  following  4 -day  observation  attributable  to  other  causes,  such  as  parasites, 
period  The  surviving  monkeys  were  sacrificed  Twenty  three  showed  evidence  of  anthrax  infec- 
over  a  6-day  period,  and  none  revealed  evidence  tion  (Table  2).  Twenty  died  of  inhalation  anthrax, 
of  anthrax  infection  During  the  fifth  run,  47  and  in  one  anthrax  was  considered  a  co-primary 
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cause  of  death  alone  with  uaphylococcal  sep¬ 
ticemia  and  cachexia  due  to  emeriiu.  Taw  mon¬ 
key*  sacrificed  at  the  end  of  Ihc  thmi  Pin  had 
early  infection  in  the  mediastinal  lymph  nodes 
only.  Nonanthrax  deaths  ware  primarily  due  to 
pneumonia  and  enteritis. 

The  moat  consistent  pathological  findings  in 
am  hrax -positive  monkeys  were  mediastmal 
edema,  pleural  effusion,  enlarged  hemorrhagic 
mediastinal  lymph  nodes,  and  enlarged,  soft 
spleens.  In  four  instances,  gross  hemorrhagic 
meningitis  was  observed.  B.  tmthntcis  was  re 
covered  on  culture  from  all  hut  three  infected 
animals:  a  sacrificed  animal  with  an  early  infec¬ 
tion,  the  monkey  in  which  anthrax  was  considered 
a  contributory  cause  of  death,  and  a  monkey 
from  which  the  plates  prepared  at  autopsy  were 
heavily  overgrown  with  fm/rso  sp.  There  was  no 
ram  evidence  of  primary  cutaneous  at  gastro¬ 
intestinal  anthrax,  and  there  were  no  lesions  asso¬ 
ciated  with  the  oral  cavity,  including  the  tonsils. 

Hixiotagcal  examination  of  the  tissues  showed 
that  infection  was  largely  limited  to  the  reticulo¬ 
endothelial  system,  though  there  was  always 
widespread  dissemination  of  the  bacilli  through 
the  vaacular  system  at  the  time  of  death  (Table  3). 
Tissue  response  was  primarily  that  of  edema, 
hemorrhage,  end  necrosis.  The  mediastinal 
lymph  nodes  were  infected  in  all  cases,  and  m  a 
few  monkey*  (he  paratrachcal  lymph  nodes  were 
also  infected  No  primary  lesions  were  found  in 
the  trachea  or  bronchi  In  three  monkeys,  there 
was  evidence  of  anthrax  pneumonia,  hut  this  sees 
not  considered  primary  . 

Pathological  changes  noted  in  other  organ*  as 
a  result  of  anthrax  infection  included  splenic  and 
hepatic  necroais.  adrenal  hemorrhage  and  necro 
sis,  ovarian  hemorrhage,  and  meningitis.  The 
renal  glomeruli  contained  many  baciV,,  bet  the 
kidneys  were  otherwise  normal. 

Serological  studies  were  conducted  by  George 
Wright.  Immunology  Branch.  Fort  Derrick,  by 
use  of  a  micromodifkation  of  the  Ouchterlony 
double  diffusion  technique.  A  total  of  210  sera, 
66  collected  before  exposure  and  144  collected 
during  or  after  exposure,  were  tested  without 
demonstration  of  any  antibody  titers. 

Division 

The  os  trail  fatality  rate  of  25.3',  indicates 
the  susceptibility  of  the  cynomolgus  monkey  to 
naturally  occurring,  industrially  produced  aero¬ 
sols  sontuining  BikiIIus  tmlhrucis  and  attests  to 
the  feasibility  of  (he  experimental  design.  The 
object.. es  initially  outlined  have  been  partially 
attained.  The  clinical  and  pathological  effects  of 


chrome  exposure  are  not  dissimilar  to  those  seen 
after  acute  exposure  in  laboratory  experiments. 

The  pathogenesis  of  inhalation  anthrax  after 
chronic  exposure  is  similar  to  that  postulated 
after  acute  exposure  of  laboratory  animals  or  of 
man  naturally  exposed,  such  ai  was  seen  in  the 
Manchester,  N.H  ,  epidemic.  The  necropsy 
findings  of  mediastinal  edema,  mediastinal  hemor¬ 
rhagic  lymphadenitis  and  necrosis,  and  pleural 
effusion,  withou'.  tracheal  or  bronchial  lesions 
and  without  primary  anthrax  pneumonia,  sup 
port  the  concept  that  inhaled  B.  tmthmcn  spore* 
are  carried  to  the  mediastinal  lymph  node*,  where 
they  germinate  and  produce  toxin  with  develop¬ 
ment  of  toxemia  and  bacteremia.  Additional 
evidence  to  support  this  concept  b  found  in  the 
necropsy  tbta  from  the  two  sacrificed  monkey* 
in  the  third  run;  tissues  bom  these  monkey*  re- 
veakd  B.  tmtkracis like  organisms  primarily  in 
mediastmal  lymph  nodes  These  animals  were 
undoubtedly  in  the  early  stages  of  discuse  and 
presumably  would  have  developed  systemic  dis¬ 
ease  and  died,  had  the  experiment  not  heen 
terminated.  Histological  -summation  of  the 
necropsy  tissue  from  all  monkeys  thut  died  of 
anthrax  shows  widespread  dissemination  of  B. 
amhrtM'ii  organisms. 

The  serologies  I  studies  do  not  support  the  de¬ 
velopment  of  subclinirel  infection.  Norman  et  al 
(12)  studied  sera  from  72  unvaccinuted  employee* 
of  a  goat  hair  mill  and  found  1 1  who  had  anthrax 
antibodies  demonstrated  by  a  precipitation  in 
hibition  test.  Most  of  the  positive  reactions  oc¬ 
curred  among  employees  who  worked  in  the 
dustiest  port  of  the  mill. 

In  discussing  industrial  anthrax,  Brachman  and 
Fekety  (5)  compared  the  length  of  employment 
in  goat  hair  processing  mills  of  a  group  of  cm 
pktyees  who  did  not  have  d  history  of  anthrax 
infection  with  the  length  of  employment  of  cm 
ploytes  with  a  history  of  previous  anthrax 
infection;  they  found  that  the  two  curves  were 
essentially  parallel  This  suggest*  that  the  length 
of  employment  did  not  influence  the  development 
of  anthrax.  They  noted  that  some  cases  of 
cutaneous  anthrax  occurred  in  employees  who 
had  worked  in  these  milts  for  15  to  20  years. 
Th,  n  conclusion:  ''These  workers  do  not  develop 
subdinical  infection  or  immunity  to  iimhrux  by 
prolonged  exposure  to  the  organism  " 

The  studies  with  monkey  sera  may  support 
the*  data;  however,  it  is  possible  that  the  sero¬ 
logical  test  employed  was  not  sensitive  enough  to 
demonstrate  antibodies  actually  present,  that  the 
antigen  Used  was  not  specific  for  protective 
antibodies,  or  that  the  inhaled  dose  was  too  low  to 
stimulate  production  of  demonstrable  antibodies. 
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Onto  from  (he  tilth  run  indicate  that,  with  a 
total  exposure  to  1M7  B.  un/AeiK-Mhranng  par¬ 
ticles  intermittently  over  a  55  hr  period,  there 
were  two  deaths  ut  10  end  17  day*  after  first 
exposure,  for  a  fatality  rate  of  7.2' ,  The  shortest 
incubation  period  possible  was  7  days,  and  the 
longest  wns  17  days  The  second  exposure  during 
the  fifth  run  resulted  in  an  inhaled  dose  of  1 .347 
B.  tmihruen  hearing  panicles  user  31  hr.  The 
fact  that  there  were  no  deaths  during  the  4-day 
holding  period  and  the  6  day  period  during  which 
survivors  were  sacrificed  may  represent  either  a 
lack  of  susceptible  monkeys  or,  mare  likely  an 
inadettuate  observation  period 

Data  from  the  third  and  fourth  runs  are  more 
difficult  to  inter  pi  et.  because  of  the  irregular, 
sawtooth  pattern  of  exposures  on  successive 
dnys.  without  knowing  the  effect  of  repetitive 
exposures  on  the  monkeys.  For  example,  frequent 
small  doses  nay  stimulate  an  antibody  response 
that  increase*  an  animal’s  resistance  to  clinical 
disease,  or  repeated  exposures  may  build  up  a 
level  of  B  wiihroris  organisms  tn  the  body  which 
cause*  disease  when  a  certain  threshold  level  is 
reached  Another  possibility  is  that  repetitive 
exposure  over  u  period  of  several  days  increases 
the  chances  of  the  animal's  acquiring  an  infecting 
dose. 

As  already  discussed,  the  xrological  studies 
did  nut  demonstrate  ibe  presence  ol  circulating 
antibodies,  which  supports  the  concept  that 
chronic  exposure  d,*es  not  lead  to  development  of 
resistance  lo  infection.  The  lack  of  deaths  fol¬ 
lowing  the  second  exposure  in  the  fifth  run  cannot 
he  assumed  to  represent  protection  resulting 
from  the  first  exposure  because  of  the  lack  of  an 
adequate  observation  period  after  the  second 
exposure. 

rhe  peak  exposure  during  the  first  5  days  of 
the  third  run.  3.683  B.  unlhrucis  particles,  may  he 
causally  related  to  the  six  anthrax  deaths  ihat 
occurred  from  IS  to  18  days  after  the  first  day  of 
exposure  If  related,  the  fatality  rate  we*  20', 
(6  of  30i,  and  the  incubation  period  would  ihen 
have  ranged  from  10  to  17  days,  which  is  similar 
to  the  incubation  period  in  the  filth  run 

Another  peak  exposure  occurred  from  the 
36th  to  the  4<Hh  day,  when  the  surviving  20  mon 
kess  were  exposed  to  3,525  B  imthrucis  hearing 
partake  with  iwo  deaths  occurring  from  5  to  II 
days  after  exposure.  The  two  animal*  found  lo  he 
infccicd  ai  autopsy  may  have  become  infec  ted  a* 
a  result  of  contact  with  thi*  same  aerosol .  the 
inciihaiion  period  would  huve  beer  from  1(1  lo  14 
days  for  these  two  monkey*  If  all  four  death* 
are  related  lo  the  last  (leak  aerosol,  the  fatality 
rate  would  be  20* ,  (4  of  20>  It  is  most  likely 
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that  the  death  on  the  41st  day  wa*  from  exposure 
to  the  preceding  week's  aerosol,  that  is.  from 
days  28  lo  33,  which  would  then  indicate  an  in 
cuhution  period  for  this  particular  death  of  from 
8to  12  days 

The  two  deaths  on  successive  days  at  the  end 
of  the  4th  run  (days  43  and  46 1  occurred  5  to  8 
days  after  a  peak  exposure  to  1 ,230  B.  wtthruas 
hearing  particles.  If  this  relationship  is  correct, 
then  this  exposure  would  he  associated  with  a 
fatality  rate  of  8' , .  The  other  deaths  in  the  third 
run  and  all  deaths  in  the  fourth  run  are  harder  to 
associaie  with  specific  periods  of  exposure. 

If  repeated  low  dose  exposure  results  in  ac¬ 
cumulation  or  B  utitftntcts  organisms  until  a 
certain  level  is  reached,  after  which  disease  de¬ 
velops,  the  comparison  of  the  percentage  of 
deaths  and  the  accumulative  dose  at  death  should 
show  a  straight -line  relationship  until  Hie  critical 
level  is  reached,  after  which  there  should  be  a 
sharp  upsurge  in  ihe  percentage  ol  deaths  As 
show  i  in  Fig.  5,  this  is  not  the  case.  Additionally, 
the  data  were  examined  lo  see  whether  the  dose 
accumulated  during  speciik'  periods  preceding 
death,  that  is  7,  10,  12,  or  15  day*,  would  suggest 
an  effect  of  accumulation  of  B  imihruris  or¬ 
ganism*.  Such  an  analysis  is  presented  in  Fig.  6, 
for  which  the  particles  inhaled  during  the  7  days 
preceding  death  are  plotted  against  the  day  ol 
death  of  each  monkey.  Again,  the  wintering  of 
deaths  ovc.  a  wide  range  of  calculated  inhaled 
doses  wouk!  lend  to  he  against  the  theory  of 
accumulation 

Analysis  of  these  data  does  suggest  a  dose- 
response  relationship  with  exposure  to  approxi 
mutely  l.ixk)  B.  unihrun s  hearing  partickrc  over 
u  3  to  5  day  period,  resulting  in  a  fatality  uu. 
of  approximately  III’  When  the  exposure  is 
from  3,5<K1  to  5, Von  B  anthraas  heaung  p.u  tick's 
over  a  5  day  period,  the  tale  i*  from  2ii  io  25' , 

The  prolonged  incubation  penod*  are  un 


6S6 


BRACHMAW,  KAUFMANN,  AND  DALLDORF 


Batterkx  Rev. 


DAY  OF  DEATH 


Fig.  6.  Cumulated  inhaled  dose  during  7  days 
prec  ling  death. 


doubtedly  related  to  the  low-dose  exposure  to 
B  anthracis.  Exposure  to  more  concentrated, 
pure  aerosols  is  usually  associated  with  incuba¬ 
tion  periods  of  from  3  to  7  days. 

Extrapolation  of  these  data  to  man  is  difficult. 
One  reason  is  that  man  samples  a  greater  pro¬ 
portion  of  the  contaminated  mill  air  because 
his  minute  volume  is  10  times  that  of  the  monkey. 
There  is  no  reason  to  suspect  any  change  m  the 
type  of  goat  hair  processed  or  in  the  method  of 
production  from  tire  years  before  immunization 
to  the  present.  Thus,  the  aerosol  produced  during 
the  three  experimental  runs  is  probably  repre¬ 
sentative  of  the  working  situation  in  tlie  picking 
area  at  the  time  when  employees  were  not  n;o- 
tected  by  the  anthrax-protective  antigen,  'the 
lack  of  cases  of  inhalation  anthrax  may  therefore 
represent  the  lack  of  exposure  to  "peak”  aerosols 
as  defined  above.  Also,  the  monkeys  were  exposed 
to  a  maximal  concentration  of  B.  anthracis 
aerosol  produced  by  the  picking  machine;  people, 
however,  are  never  exposed  to  the  total  aerosol 
produced,  but  only  to  a  relatively  small  pan  of  it 
while  they  work  in  the  vicinity  of  the  picking 
machine. 

The  1957  epidemic  of  inhalation  anthrax  in 
Manchester,  N.H  ,  can  possibly  be  explained  by 
the  exposure  of  the  five  susceptible  individuals  to 
a  "peak”  aerosol  related  to  a  specific  batch  of 
naif.  In  addition,  the  spe  radio  cases  that  have 
been  reported  uttassoctated  with  .he  goat-hair 
processing  industry  also  may  represent  the  chance 
exposure  of  susceptible  individuals  to  a  “peak” 
aerosol. 


Summary 

Exposure  of  91  cynomolgus  monkeys  to  na¬ 
turally  produced  aerosols  containing  B.  anthracis 
resulted  in  an  anthrax  fatality  rate  of  25.3%.  The 
pathological  findings  of  mediastinal  edema  and 
hemorrhagic  lymphadenitis  and  necrosis  are 
similar  to  findings  in  animals  after  acute  exposure 
to  pure  aerosols  of  B.  anthracis,  and  also  to  the 
findings  in  humans  who  have  developed  fatal 
inhalation  anthrax  after  industrial  or  sporadic 
exposure.  With  the  low-dose  chronic  exposure  to 
natural  aerosols,  the  incubation  period  appears  to 
range  from  5  to  17  days. 

Analysts  of  the  data  suggests  a  dose  response 
relationship  with  fatality  rates  ranging  from  10 
to  25%  after  exposure  to  from  1,000  to  5,500 
organisms  over  3  to  5  days.  There  is  no  specific 
evidence  to  support  the  development  of  sub- 
clinical  infection,  or  of  on  accumulative  effect 
of  anthrax  organisms.  These  studies  do  support 
previous  concepts  concerning  the  pathogenesis 
and  dose -response  relationships  of  anthrax  in 
monkeys. 
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Discussion 


HAROLD  N.  GLASS  MAN 

US.  Amy  Biological  Laboratories,  Fori  Detrick,  Frederick,  Maryland 


Industrially  acquired  anthrax  has  been  asso¬ 
ciated  with  transportation  and  processing  of  im¬ 
ported  wool,  hides,  and  goat  hair.  The  spores  of 
Bacillus  anthracis  have  been  cultivated  from  as 
many  as  SQ%  of  samples  of  the  raw  products  (4, 
15, 17).  Industrial  processing  creates  dust,  so  that 
anthrax  spores  regularly  contaminate  the  surfaces 
and  air  of  the  factories;  up  to  660,  of  surface 
samples  were  positive  in  three  mills  Processing 
goat  hair  (5).  Respiratory  exposure  cl  workers 
may  reach  510  spores  in  particles  5  p  or  less  in 
diameter  in  e  working  period  (9).  A  signifi¬ 
cant  percental  of  anterior  nasal  swabs  and 
pharyngeal  washings  from  mill  workers  process¬ 
ing  goat  hair  yielded  B  anthracis  (8). 

Despite  this,  inhalation  anthrax  is  rare  in  the 
United  States  (7).  Biachman  et  al.  (.6)  studied 
the  response  of  the  cynomdgus  monkey  exposed 
chronically  to  the  air  from  the  dustiest  portion 
of  a  goat-hair  processing  mill  in  an  effort  to 
enlarge  our  understanding  of  industrial  anihra- 
It  is  my  purpose  to  assist  .n  this  objective  by 
relating  their  observations  to  selected  laboratory 


studies.  Specifically.  I  will  consider  the  variable 
incubation  period  they  observed,  and  the  dose- 
response  relationship. 

Modem  views  of  the  pathogenesis  of  inhala¬ 
tion  anthrax  are  based  on  the  studies  in  labora¬ 
tory  animals  of  the  experimentally  induced 
disease  by  Young  et  tL  (19),  Bames  (3),  Ross 
(16),  Al  brink  and  Goodlow  (2),  and  Gleiser  et 
al.  (10),  and  the  pathological  findings  in  three 
fatal  cases  in  man  reported  by  Albrtnk  et  al.  (I). 
The  observations  of  these  investigators  agree  in 
defining  the  role  of  the  lung  as  a  portal  of  entry 
in  inhalation  anthrax;  primary  anthrax  lesions 
are  not  found  in  the  trachea  or  bronchi,  at  least 
not  <n  the  absence  of  pre-existing  lung  lesions. 
Thus,  we  may  visualize  spore-bearing,  airborne 
particulate  matter  of  sufficiently  small  size  (i.e., 
5  g  in  diameter,  or  less)  after  inhalation,  pene 
trating  to  the  deep  recesses  of  the  lungs  and  being 
dcT-tsited  there  as  essentially  inert  panicles. 
SuSoq  vent  removal  of  the  spores  is  accomplished 
princiy  -i'v  by  alveolar  macrophages  that  trans¬ 
port  them  via  the  lymphatics  to  the  regional 
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Fio.  1.  Response  of  the  cynomolgus  monkey  to 
aerosols  <4  Bacillus  antkracis. 


lymph  nodes.  Neglecting,  for  our  present  dis¬ 
cussion,  the  further  steps  in  the  pathogenesis  of 
inhalation  anthrax,  it  seems  reasonable  that  a 
significant  period  of  time  will  be  required  for 
clearance  of  a  large  number  of  spores,  even  if 
these  are  introduced  in  acute  experimental  ex¬ 
posures.  The  respiratory  retention  of  inhaled 
spores  was  initially  studied  by  Harper  and  Morton 
(12),  using  radioacti^ly  labeled  Bacillus  subtilis. 
When  these  were  presented  to  guinea  pigs  for 
inhalation  as  particles  1  p  in  diameter,  the 
majority  of  the  radioactivity  was  found  in  the 
lungs  (as  contrasted  with  the  head  or  the  trachea), 
and  essentially  no  loss  of  radioactivity  of  the 
lungs  was  measurable  over  a  24- hr  observation 
period.  Subsequently,  in  studies  of  the  prophylaxis 
of  inhalation  anthrax  in  the  rhesus  monkey, 
Henderson  et  at.  (13)  demonstrated  that  a  daily 
regimen  of  procaine  penicillin,  initiated  24  hr 
subsequent  to  aerosol  exposure,  could  delay  the 
onset  of  disease  and  death,  and  that  this  protec¬ 
tion  ceased  promptly  on  termination  of  the 
therapy.  They  also  showed  that  spores  of  B. 
anthracis  can  be  detected  for  as  long  as  100  days 
after  their  deposition  onto  the  lung  epithelium 
In  a  more  recent  similar  study,  Gochenour  et  al. 
fll)  provided  further  died  evidence  of  prolonged 
spore  retention  in  the  lungs  after  an  acute  in- 
halaiory  exposure.  One  of  their  monkeys  died 
with  anthrax  meningitis  25  days  after  completion 
of  an  apparently  successful  course  of  therapy. 
Cultures  of  the  lungs  of  all  animals  surviving 
55  to  84  days  after  exposure  to  aerosols  of  anthrax 
spores  were  positive  for  this  organism.  Finally, 
one  of  my  colleagues,  Joseph  V.  Jemski,  has  made 
available  information  he  obtained  several  years 
ago  in  making  a  study  of  the  time  to  death  of  the 
cynomolgus  monkey  after  inhalation  of  aero¬ 
solized  anthrax  spores.  Several  of  the  animals  in 


that  study,  which  was  directed  toward  deter¬ 
mining  the  minimal  holding  period  required  to 
assure  statistically  valid  dose-response  data,  died 
of  culturally  proven  anthrax  after  prolonged 
incubation  periods— one  animal  succumbed  98 
days  subsequent  to  exposure. 

The  concepts  involved  in  the  pathogenesis  of 
inhalation  anthrax,  as  well  as  the  experimental 
evidence  cited  above  regarding  the  prolonged 
retention  of  spores  in  the  lungs,  arc  completely 
consonant  with  the  variable  incubation  periods 
reported  by  Brachman  et  al.  (6)  in  their  studies  of 
chronic  exposure  to  varying  doses  over  many 
days.  An  additional  pertinent  laboratory  observa¬ 
tion  has  been  the  dose  dependency  of  the  incuba¬ 
tion  period,  with  lower  inhaled  doses  of  spores 
resulting  in  longer  incubation  times  (10). 

In  considering  the  dose-response  relationship 
of  the  cynomolgus  monkey  in  experimentally 
induced  inhalation  anthrax,  1  am  again  indebted 
to  Dr.  Jemski  for  placing  at  my  disposal  hitherto 
unpublished  data.  These  represent  a  compilation 
cf  the  results  of  several  individual  experiments  in 
which  large  numbers  of  cynomolgus  monkeys 
were  acutely  exposed  (1  to  10  min)  to  heterogene 
ously  sized  aerosols  of  anthrax  spores.  The 
aerosol  clouds  were  sampled  with  an  impinger 
preceded  by  a  preimpinger,  the  latter  device 
screening  out  the  majority  of  particles  greater 
than  5  p  in  diameter  (14,  18).  Thus,  the  dose  re¬ 
ported,  after  microbiological  assay  of  the  collec¬ 
tion  fluid  of  the  impinger,  represents  spores 
present  in  particles  predominantly  5  p  in  diam¬ 
eter,  or  less.  This  dose,  and  the  mortality  of  the 
monkeys  from  culturally  proven  anthrax  during 
a  Iff  day  observation  period  subsequent  to  aerosol 
exposure,  have  been  subjected  to  statistical  analy¬ 
sis  by  the  probit  method  (Fig.  1). 

It  will  be  noted  that  the  median  lethal  dose 
(ldm)  based  upon  a  total  of  1,236  animals  is 
4,130  spores  with  95 '  )  confidence  limits  of  1,980 
to  8,630  spores.  The  probit  slope  is  0.669  probits 
per  log  dose,  with  95'  f  confidence  limits  of  0.520 
to  0.818.  As  a  consequence  of  this  unuiually  low 
probit  slope,  large  changes  in  the  dose  of  inhaled 
spores  will  result  in  comparatively  small  changes 
in  ihe  per  cent  mortality.  For  example,  a  IOC-fold 
range  of  dose  (10-fold  above  and  10-fold  below 
the  calculated  ldm)  will  only  change  the  pre¬ 
dicted  mortality  from  25  to  75' c. 

These  laboratory  studies  of  Jemski  et  al.  have 
many  similarities  to  the  experimental  epidemio¬ 
logical  investigations  of  Brachman  et  al.  (6). 
There  are,  however,  several  important  differences. 
The  former  involved  a  very  targe  number  of 
animals,  acutely  exposed  to  laboratory-grown 
spores,  under  well-controlled  conditions  for 
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experimental  airborne  infection.  The  latter 
represented  the  chronic  exposure,  over  many 
days,  of  a  small  group  of  animals  to  an  uncon¬ 
trolled,  industrially  generated  aerosol  of  spores 
that  were  present  as  a  result  of  the  industrial  use 
of  contaminated  animal  products.  Nevertheless, 
the  dose-response  relationship  derived  from  the 
laboratory  data  was  predictive  of  the  field  results, 
if  the  cumulative  dose  of  spores  inhaled  by  the 
monkeys  is  considered  the  most  important  factor 
in  the  chronic  exposures  (see  particularly  Fig.  4 
and  5  of  Brechman  et  al.  (6)|. 

Precise  comparisons  of  the  laboratory  observa¬ 
tions  and  the  field  studies  are  not  passible  for 
reasons  already  mentioned.  For  the  same  reasons, 
conclusions  from  consideration  of  both  sets  of 
investigations  must  be  drawn  with  caution.  With 
this  caveat  firmly  in  mind,  it  does  seem  that  the 
following  statements  arc  justified,  i.i)  The  dose- 
response  relationships  determined  with  the 
cynomolgus  monkey  in  the  laboratory  permitted 
prediction  of  the  outcome  when  the  same  species 
was  exposed  chronically  to  a  contaminated  in¬ 
dustrial  atmosphere,  (ii)  The  adequacy  of  the 
cynomolgus  monkey  as  a  model  for  predicting 
the  quantitative  aspects  of  the  response  of  man 
in  the  industrial  environment  is  open  to  reason¬ 
able  doubt. 
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Introduction 

It  is  a  characteristic  of  the  airborne  route  of 
infection,  in  contrast  to  transfer  by  food  or  water, 
that  whenever  there  is  the  possibility  of  aerial 
transfer  there  is  almost  always  also  the  possibility 
of  transfer  by  other  routes.  This  is  perhaps  espe¬ 
cially  true  of  the  forms  of  staphylococcal  infec¬ 
tion  that  have  been  most  extensively  studied, 
namely,  those  occurring  in  hospitals.  But,  during 
the  last  few  years,  there  has  been  a  great  volume 
of  work  based  on  the  assumption  that  airborne 
spread  is  an  important  route  in  the  spread  of  the 
human  staphylococcal  disease,  and  there  is  there¬ 
fore  a  ernsiderabk  body  of  information  for  re¬ 
view. 

It  is  logical  and  convenient  to  discuss  first  the 
studies  on  dispersal  of  staphylococci  into  the  sir 
and,  second,  the  survival  of  the  cocci  in,  and  their 
carriage  by,  the  air.  These  aspects  can  be  pie- 
sented  in  some  precise  and  quantitative  detail. 
When  we  come  to  consider  acquisition,  we  entirr 
an  area  in  which  extrapolation  and  analogy  loom 
large,  but  sufficient  quantitative  data  have  now 
been  accumulated  to  give  some  factual  founda¬ 
tion  to  the  discussion.  Nevertheless,  the  final 
summing  up  as  to  the  probable  importance  of 
airborne  transfer  in  relation  to  other  modes  of 
spread  is  of  necessity  *  product  of  judgment 
rather  than  arithmetic. 


Material  Reviewed 

For  the  most  part  this  paper  is  baaed  on  a 
selective  review  of  published  reports,  with  special 
reference  to  those  on  a  series  of  investigations 
(44,  45,  58,  59)  carried  out  with  R.A.  Shooter  at 
St  Bartholomew’s  Hospital,  London,  England 
(referred  to  as  S.B.H.). 

Use  has  also  been  made  of  a  recent  study  of 
my  own  at  St.  Mary’s  Hospital,  London,  England 
(S.  *f  .H.),  a  report  of  which  is  in  preparation.  In 
this  study,  we  sampled  the  air  in  two  surgical 
wards,  one  having  a  total  of  14  or  15  patients  in 
four  rooms  and  the  other  having  22  beds  in  an 
open  ward.  Petri  dishes  [diameter,  6  inches  (15 
cm))  of  serum-agar  containing  phenol-phthalein 
phosphate  (2)  were  exposed  in  the  rooms  for 
12  hr  (or  in  part  of  the  experiment  for  24  hr)  on 
each  of  S  days  each  week.  Nasal  cultures  were 
examined  from  each  patient  weekly. 

The  total  number  of  staphylococcus-carrying 
particles  on  the  air  plates  was  recognized  by  the 
phosphatase  reaction  and  either  all  or,  when  the 
numbers  of  colonies  on  the  plate  were  larger  than 
three  to  five,  a  portion  were  subcultured  and 
tested  for  coagulase  and  for  phage  type.  It  was 
thus  possible  to  mcke  some  estimate  of  the  num¬ 
ber  of  coagulase-positive  staphylococci  settling 
from  the  air,  and  of  the  proportion  with  various 
phage  patterns,  for  attempted  correlation  with 
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the  strains  isolated  from  the  patients'  n&sal  cul¬ 
tures. 

For  airborne  particles  with  a  diameter  equiva¬ 
lent  to  those  found  to  carry  Staphylococcus  aureus, 
that  is  about  14  p  (38).  the  settling  rate  in  colonies 
per  square  foot  per  minute  is  numerically  approxi¬ 
mately  equal  to  the  volume  count  expressed  as 
colonies  per  cubic  foot.  A  6-inch  petri  dish  has 
an  area  of  approximately  0.2  ft';  in  round  figures, 
therefore,  the  count  on  such  a  plate  exposed  for 
24  hr  is  about  60ri  of  the  number  of  particles 
inhaled  by  an  adult  person  in  the  same  time,  since 
the  volume  inhaled  is  ordinarily  about  0.3  ft*  per 
min. 

Dbfehsal  of  Staphylococci  into  thi  Am 

The  frequency  with  which  normal  individuals 
harbor  aureus  in  the  none  and  on  the  skin  is 
now  well  known  (56),  and  such  normal  carriers 
are  one  important  source  from  which  the  cocci 
are  dispersed.  The  other  source  from  which  staph¬ 
ylococci  may  be  dispersed,  especially  in  hospitals, 
comprises  patients  with  infected  lesions— of  skin, 
wounds,  respiratory  tract,  or  gut. 

Nose  ami  Skin  Carriers 

Hare  and  his  colleagues  were  among  the  first 
to  define  the  frequency  with  which  nasal  carrier- 
of  S.  aureus  liberate  the  cocci  into  the  environ¬ 
ment;  they  counted  the  numbers  shed  into  the  air 
of  a  very  small  cubicle  during  exercise.  Hare  and 
Ridley  (21)  found  that  all  but  6  of  19  carriers 
liberated  staphylococci,  and  7  gave  substantial 
numbers;  this  and  subsequent  work  (41)  pointed 
to  the  special  importance  as  dispersers  of  persons 
who  harbor  staphylococci  on  the  perineum.  On 
the  other  hand,  White  (54,  55)  emphasized  the 
relation  between  dispersal  of  staphylococci  and 
the  total  numbers  present  in  the  nose  and  on  the 
skin. 

One  feature  that  also  emerged  from  these  and 
other  studies  was  the  wide  individual  variation  in 
the  number  of  staphylococci  shed  into  the  air  by 
carriers.  The  individuals  at  the  upper  end  of  the 
distribution  seemed  to  differ  sufficiently  from 
those  a*  the  lower  end  to  justify  the  use  of  the 
term  "heavy  disperser”  for  them,  and  the  sug¬ 
gestion  that  such  heavy  dispersers  might  be  re¬ 
sponsible  for  epidemics  of  hospital  infection 
stimulated  further  study  of  the  mechanism  of 
dispersal. 

Mechanism  of  Dispersal 

Hare  and  his  colleagues  showed  that  very  few 
staphylococci  are  liberated  into  the  air  directly 
from  the  nose  of  carriers  during  ordinary  activity; 


Hare  (19)  described  the  liberation  by  other  routes 
as  "outflow”  and  emphasized  the  importance  of 
friction  with  the  skin.  White  (54)  had  found  that 
the  extent  to  which  patients  contaminated  their 
bedding  was  correlated  with  the  numbers  of 
staphylococci  found  in  their  nasal  cultures.  Sub¬ 
sequently,  Davies  and  Noble  (14)  demonstrated 
that  large  numbets  of  skin  fragments  are  dispersed 
into  the  air  during  the  activities  known  to  liberate 
bacteria;  they  suggested  that  most  of  the  staphy¬ 
lococci  are  carried  on  such  fragments,  and  they 
were  able  to  cultivate  S.  «nw  from  epithelial 
squames  liberated  by  a  known  carrier  (IS). 

It  thus  teemed  that  the  differences  among  in¬ 
dividual  carriers  in  the  number  of  staphylococci 
that  the)'  disperse  might  be  related  to  (i)  the 
number  of  cocci  on  the  skin,  (ii)  the  particular 
area  of  skin  colonised,  or  (ill)  the  rate  of  desqua¬ 
mation.  By  parallel  sampling  of  air  for  skin 
squames  end  staphylococci,  Noble  and  Davies 
(37)  showed  that  the  last  of  these  was  not  likely 
to  be  the  explanation;  they  thought  that  the  ex¬ 
tent  of  skin  carriage  was  pr  jbably  the  most  im¬ 
portant  determinant  Hare  and  Ridley  (21)  had 
previously  mggr  uteri  that  carriage  on  the  skin  of 
the  perineum  was  particularly  likely  to  lead  to 
dissemination,  and  Sol  berg  (49)  not  only  con¬ 
firmed  this  but  also  showed  that,  in  the  absence  of 
perineal  carriage,  there  is  a  correlation  of  num¬ 
bers  of  staphylococci  disseminated  with  the 
number  found  in  the  noae  or  on  the  skin  (in  his 
experiments,  of  the  fingers  and  hand).  The  impor¬ 
tance  of  the  perineal  skin  as  a  source  for  dispersal 
receives  indirect  support  from  observation  that, 
in  operating-room  clothes,  the  greatest  libera¬ 
tion  of  skin  bacteria  seems  to  be  from  below  the 
waist  and  especially  through  open  trouser  ends 
(5.  8).  It  may  be  noted  that  most  observers  have 
measured  air  contamination  while  the  subjects 
were  exercising  in  some  form  of  cubicle  and  gen¬ 
erally  making  quite  vigorous  leg  movements;  this 
may  perhaps  over -emphasize  the  contribution  of 
the  perineum  to  aerial  dispersal. 

Frequency  and  Magnitude  of  Dispersal 

It  was  clear  from  the  early  work  of  Hare  and 
Ridley  (21 )  that  many  nasal  carriers  shed  staphy¬ 
lococci  into  the  air  while  exercising  This  has  been 
amply  confirmed.  On  the  basis  of  experiments  in 
small  cubicles,  Bethune  et  al.  (5)  reported  that 
14  of  38  nasal  carriers  (from  a  group  of 
ISO  normal  people)  generated  an  air  contamina¬ 
tion  level  of  one  S  aureus  particle  per  ft1  or  more, 
corresponding  to  a  tout  liberation  of  about  100 
particles  or  more  in  2  min  of  walking  on  the  spot 
Noble  and  Davies  (37)  examined  127  persons,  54 
of  whom  were  normal  adults  whereas  the  rest 
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were  hospital  patients,  many  with  sltin  disease 
The  subjects  removed  all  their  clothing  end  then 
dressed  again  in  a  100  ft*  cubicle  from  which  the 
air  could  be  sampled.  Of  the  whole  group,  30, 
including  only  2  of  the  34  normal  adults,  liberated 
S.  aureus  to  I  rr  of  the  total  flora  in  the  cubicle; 
this  corresponded  to  the  liberation  of  about  23 
staphylococcus-carrying  particles  or  more.  Eight 
liberated  more  than  10,000  S.  omu  particles. 

More  precise  estimates  of  the  numbers  of 
staphylococci  liberated  by  carriers  have  been  pro¬ 
vided  by  Sol  berg  (49;  personal  communication), 
who  estimated  the  aerial  contamination  resulting 
from  a  standardized  agitation  of  a  group  of  per¬ 
sistent  carriers’  bedding  in  a  special  chamber. 
Solberg  found  the  air  counts  of  staphylococci  dis¬ 
persed  during  the  making  of  the  beds  of  his  car¬ 
riers  to  be  distributed  in  a  log-normal  fashion, 
and  at  least  20r;  of  the  126  carriers  (drawn  from 
2g014  patients  surveyed)  dispersed  more  than 
10,000  staphylococcus-carrying  particles  in  the 
standard  test  (Fig.  1). 

Our  own  studies  of  air  counts  in  a  hospital 
ward  offer  another  basis  for  estimating  the  fre¬ 
quency  of  dispersal.  In  Fig.  2  are  plotted  the 
mean  daily  counts  of  S.  auretu  of  the  phage  type 
carried  by  each  of  the  patients  who  were  carriers 
on  admission  to  the  subdivided  S.M.H.  ward, 


Flu  I.  .Sir  t owls  of  Staphylococcus  aureus.  (A) 
Generated  h\  disturbance  of  bedding  of  persistent  car 
riers  i after  Solberg  t4Vi ,  supplemented  by  a  personal 
commumuinm};  t/?i  during  undies sing  Ana  redressing 
[otter  Sohtr  and  Dunes  Plotted  on  a  probability 

(tide  \«  thin  it  straight  hue  represents  a  normal  dis¬ 
tribution 


Flo.  2.  Air  counts  i  pun  ides  per  square  foot  settling 
in  24  hr)  of Staphylococcus  aureus  generated  by  patients 
admitted  as  carriers  to  a  hospital  *ard  (S.  M.  H.). 


excluding  those  who  were  carrying  strains  or  types 
already  known  to  be  present  in  the  ward;  some 
of  the  patients,  in  contrast  to  Solbcrg’s  subjects, 
were  only  transient  carriers.  The  counts  arc  clearly 
also  distributed  log-normally.  About  50r,  of  car¬ 
riers  generated  air  counts  below  3  colonies  per  ft* 
per  24  hr,  but  10r;  generated  counts  that  averaged 
more  than  30  colonies  per  ft*  per  24  hr  during 
their  stay  in  the  ward,  at  times  when  they  were 
the  only  carriers  known  to  be  present.  Some 
rough  estimates  as  to  the  ventilation  rate  of  the 
ward  suggest  that  this  implies  the  liberation  of 
10*  to  107  staphylococcus-cairying  particles  in 
24  hr. 

It  seems  likely,  therefore,  that  the  heavy  dis¬ 
posers  of  staphylococci  represent  the  top  end  of 
a  continuous  distribution.  This  is  compatible  with 
the  idea  that  the  degree  of  dispersal  depends 
largely  on  the  extent  of  skin  contamination  with 
staphylococci,  and  that  the  shedding  of  the  staph¬ 
ylococci  into  the  air  is  due  to  the  continuous 
desquamation  of  skin  fragments  carrying  cocci, 
which  either  may  be  transients  recently  deposited 
there  from  the  reservoir  area  in  the  anterior  nares, 
or  may  be  actually  multiplying  in  or  on  the  skin. 
The  rate  of  desquamation  is  presumably  related 
in  part  to  friction  of  the  skin  and  clothes  or  other 
skin  areas. 

It  is.  perhaps,  remarkable  how  many  bacteria 
are  shed  on  exercising,  even  when  *'  ■  subjects 
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are  naked  (30).  Also,  in  a  few  unpublished  oh 
nervations  in  coal  mines,  O.M.  Lid  well  and  I 
found  that  nearly  naked  miners  distributed  skin 
bacteria  into  the  air  in  quite  large  numbers.  It  may 
also  seem  surprising  that  carriers  liberate  as  many 
staphylococci  as  they  do  when  it  is  considered 
how  relatively  scarce  staphylococci  appear  to  be 
when  carriage  is  determined  by  swabbing;  how¬ 
ever,  the  area  of  skin  generally  examined  is  very 
small,  and  most  methods  for  the  bacteriological 
examination  of  skin  are  known  to  be  very  ineffi¬ 
cient  (62). 

Factors  Influencing  Dispersal 

Blowers  and  McCluskcy  (8)  commented  that 
they  have  not  yet  encountered  a  heavy  disperser 
of  staphylococci  among  the  normal  women  they 
have  examined,  whereas  they  found  nearly  iOf,r 
of  men  to  be  dispersers.  None  of  the  other  studies 
has  discussed  the  influence  of  sex,  but,  of  the  10 
heavy  dispersers  reported  t  Sol  berg,  3  were 
women,  and  in  general  his  results  do  not  show  any 
significant  differences  between  men  and  women 
carriers  in  the  numbers  of  staphylococci  dispersed. 
In  my  ward  studies,  one  of  the  five  heaviest  dis¬ 
perses  was  a  woman. 

It  has  been  found  that  treatment  of  a  nasal 
carrier  of  tetracycline-resistant  staphylococci  with 
tetracycline  led  to  an  increase  in  the  number  of 
staphylococci  dispersed  into  the  air,  presumably 
as  a  result  of  increased  nasal  carriage  (17),  or 
possibly  as  a  result  of  increased  skin  carriage  re¬ 
sulting  from  a  reduction  in  the  normal  flora  and 
a  consequent  reduction  in  the  fatty  acid  content 
of  sebum  (18).  A  similar  phenomenon  was  ob¬ 
served  in  debilitated  or  dying  patients  by  Sol  berg: 
an  increase  in  the  number  of  organisms  in  the 
nose  and  a  corresponding  increase  in  the  number 
shed.  M.T.  Parker  ( personal  ctmvmmauhm)  has 
made  a  similar  observation.  One  observation  that 
a  concomitant  virus  infection  might  increase  dis¬ 
persal  (16)  does  no*  seem  to  have  been  confirmed. 

A  very  substantial  increase  in  the  number  of 
staphylococci  liberated  has  been  found  to  follow 
the  taking  of  a  shower  bath  (4,  62).  The  increase 
may  be  10-fold  or  more,  and  the  effect  persists 
for  at  least  61)  min.  The  mechanism  of  this  increase 
is  not  known,  though  it  is  presumed  that  the 
washing  in  some  way  allows  an  increased  loss  of 
the  superficial  squames. 

Within  broad  limits,  clothing  makes  remark¬ 
ably  little  differeoe  to  the  liberation  of  skin 
bacteria,  and  indeed  Speers  et  al.  (SO)  found  lhat 
some  of  their  subjects  liberated  as  many  bacteria 
when  exercising  naked  as  they  did  when  fully 
dressed,  either  in  street  clothes  or  in  a  sterile  oper¬ 
ating  room  suit.  The  only  practicable  method  so 


far  described  for  reducing  the  rate  of  liberation 
is  the  use  of  very  closely  woven  clothing,  wtth  a 
trouser  suit  tightly  closed  at  the  ankles  '4.  8,. 

Infected  Leskms 

The  discussion  to  this  point  has  been  concerned 
with  healthy  carriers  of  staphylococci,  without 
any  staphylococcus-infected  lesions.  As  would  be 
expected,  patients  with  staphylococcal  infections 
of  the  skin  tend  to  be  especially  heavy  dispersers 
(1, 20,  37).  Thom  and  White  (32)  found,  however, 
that  there  was  little  dispersal  from  septic  wounds 
during  the  performance  of  wound  dressing,  and  it 
seems  likely  that  the  effect  of  skin  lesions  is,  pertly 
at  least,  to  increase  the  load  of  staphylococci  on 
the  skin.  There  may  also  be  an  increase  in  the  rate 
of  desquamation,  for  example,  in  some  patients 
with  psoriasis,  and  one  such  has  been  implicated 
as  the  source  of  an  epidemic  of  surgical  wound  in¬ 
fection  in  an  operating  room  (32a),  though 
generally  in  such  patients  many  of  the  ririn 
particles  dispersed  are  too  large  to  remain  air¬ 
borne  (37).  Our  own  observations  (59)  indicated 
that  carriers  can  be  as  important  as  sources  of 
cross  infection  as  patients  with  septic  tenons. 
Burke  and  Corrigan  (13).  on  the  other  hand, 
found  patients  with  septic  lesions  to  disperse 
more  staphylococci  than  healthy  carriers;  but 
they  studied  only  44  carriers.  Patients  with  chest 
infections  have  been  thought  from  time  to  time  to 
be  especially  dangerous  as  dispersers  (e.g.,  44), 
but  there  is  little  direct  evidence  on  this  point. 
The  possible  effect  of  antibiotic  treatment  on 
dispersal  needs  to  be  considered  when  patients 
with  septic  lesions  are  being  compared  with 
healthy  canters. 

4 It  Contamination  Resulting  from  Dispersal 

It  can  thus  be  concluded  that  most  persons  who 
carry  staphylococci  in  the  nose,  all  of  whom  must 
from  time  to  time  contaminate  their  skin,  liberate 
their  staphylococci  into  the  air  around  them.  A 
small  proportion  of  the  carriers  are  especially 
heavy  dispersers  and  gi<e  rise  to  a  high  level  of 
aerial  coma  miction,  lit  not  surprising,  there¬ 
fore,  that  there  are  core  iderable  variations  in  the 
counts  of  staphylococci  in  hospital  ward  air  (Fig. 
3).  The  variations  in  the  air  counts  are,  of  course, 
directly  related  to  the  presence  or  absence  of 
heavy  dispersers  in  the  ward  (34).  When  the  air 
count  in  the  ward  was  high,  it  was  virtually  al¬ 
ways  found  that  the  air  siaphvlovocci  were  al¬ 
most  all  of  one  phage  type  and  usually  attribut¬ 
able  to  spread  from  one  person  In  the  large  ward, 
there  were  occasions  when  two  dispersers  con¬ 
tributed  significantly  to  the  air  count,  but  those 
occasions  were  relatively  uncommon  (34). 
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Fw  3.  Air  cornu  (pariirlri  per  rpm't  foot  per  24 
hr)  of  Staphylococcus  arms  in  three  room  of  the  di¬ 
rtied  S.  M.  H  word. 


But,  as  in  other  situations,  the  sir  counts  in 
hospital  wards  have  been  found  to  conform  to  a 
lot-normal  distribution.  In  Fig.  4,  the  air  counts 
from  the  divided  ward  are  plotted  as  logarithms 
on  a  probability  scale  and  are  seen  to  fall  close 
to  a  straight  line.  For  comparisons  between  wards, 
therefore,  the  median  is  the  most  appropriate 
statistic.  Lines  depicting  the  distributions  in  five 
different  wards  are  shown  in  Fig.  3,  and  the  medi¬ 
ant  from  tome  of  them  are  given  in  Table  3. 

In  the  S.B.H.  open  ward,  the  median  count 
of  5.  aureus  was  about  O.t  colonies  per  ft*  This 
count  was  derived  from  two  periods  of  2-hi  sam¬ 
pling  each  week,  and  it  might  be  thought  that  this 
could  be  no  more  than  generally  indicative  of  the 
total  daily  exposure  of  the  particles  to  airborne 
staphylococci.  However,  a  very  similar  median 
and  distribution  of  staphylococcal  counts  were 
observed  in  the  open  ward  at  S.M.H.,  tested  by 
exposure  of  12-hr  sediment' '<  on  plates. 

It  is  instructive  to  prevent  the  counts  in  terms 
of  the  numbers  of  staphylococcus-carrying  parti¬ 
cles  that  might  be  inhaled  by  ward  patients  in  24 
hr.  In  the  two  open  ward*,  the  median  numbers 
that  would  be  inhaled  per  day  were  about  18  and 
23  particles;  the  daily  dose  exceeded  100  particles 
on  about  1 5  to  22r,  of  days.  In  the  divided  wards 


at  S.M.H.  and  S.B.H.,  the  median  was  about  4, 
and  a  dose  of  100  was  exceeded  on  only  about 
3f"r  of  days. 

It  is  interesting  to  note  that  in  a  small  series  of 
teats  in  a  ward  at  the  Queen  Elisabeth  II  Hospital, 
Welwyn,  which  consists  of  four-bed  beys  opening 
off  a  wide  corridor,  the  air  counts  are  intermediate 
between  those  of  the  open  end  the  divided  wards 
(data  kindly  supplied  by  R.  W.  Payne).  The  ex¬ 
planation  of  these  differences  clearly  demands 
further  investigation,  end  it  is  of  obvious  rele¬ 
vance  to  the  acquisition  of  nasal  carriage  of  staph 
ykxocci,  discussed  below. 

Tramtui  Through  thi  Air 

For  a  proper  understanding  of  the  mode  of 
spread  of  airborne  staphylococcal  infection,  a 
knowledge  of  the  s'r  of  the  airborne  panicles 
and  of  their  load  of  staphylococci  is  needed. 
Studies  with  the  sixe-grading  sampler  devised  by 
Lidwell  (26)  indicated  that  the  mean  “equivalent 
diameter"  of  particles  carrying  5.  aureus  was 
about  14  m  (the  "equivalent  diameter”  is  the  diam¬ 
eter  of  a  sphere  of  unit  density  settling  in  air  at 
the  same  rate  as  the  panicle  in  question);  the  in¬ 
terquartile  range  wet  about  8  to  20  p  (38).  A 
much  smeller  proportion  of  large  panicles  was 
obeerved  by  Walter  ct  al.  (33),  using  the  Andersen 
sampler,  but  this  is  doubtless  attributable  to  the 
characteristics  of  that  instrument  C29i.  Earlier 
work  by  Lidwell  and  his  colleagues  (27)  indicated 
that,  on  the  average,  airborne  staphylococcus 


Fk.  4  Distribution  of  air  csmntt  of  Staphylococcus 
aureus  in  the  dtvsdrd  S  M.  H  ward.  based  on  a  total  of 
I.0J7  1 2- hr  sedimentation  plaits- 
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Fkj.  3.  Diunbmkms  of  air  comas  cfSmpkyioramH 
owrn  M  dtfrrmi  words.  A  ■  S.M.N. ,  22-bed  open 
* wd;  B  -  S  It  H  .open  words;  C  -  Qmem  Elisabeth 
II  Hospital.  4-bed  open  hays;  D  -  S  M  H ..dtrtded 
mwrf;  E  -  S.  B.  H  ,  dirt Jed  m>N. 


particles  carried  about  4  viable  cocci,  the  range 
bent  from  6  for  the  particles  pester  than  IS  p 
in  diameter  to  about  1  for  thoaa  has  than  4  p. 
These  sum  and  numbers  of  bacteria  are  conso¬ 
nant  with  the  idea  that  most  airborne  S.  ssrrsi 
celh  are  associated  with  desquamated  fragments 
of  skin  (37). 

In  normally  turbulent  air  and  in  a  room  10  ft 
hi|h,  panicles  14  *  in  diameter  senfr  at  a  rate 
equivalent  to  about  six  air  changes  per  how,  so 
that  50  r,  of  the  particles  remain  suspended  for 
6  min  and  2ur,  for  15  min.  Directional  air  cur¬ 
rents  of  40  to  SO  ft  per  min  are  not  uncommon 
in  occupied  buildings,  so  that  transfer  of  staphy¬ 
lococci  for  considerable  distances  is  clearly 
possible. 

In  a  few  studies,  in  an  open  surgical  ward  in 
which  we  have  found  Urge  numbers  of  staphy¬ 
lococci  hr  in*  dispersed  near  one  sampling  point, 
the  mean  counts  at  sampling  points  aouut  20  and 
about  70  ft  distant  were,  respectively,  26  and  1 1  % 
of  the  count  at  the  point  nearest  to  the  disperser. 

When  a  heavy  disperser  was  present  in  one  of 
the  rooms  in  the  four-room  S.M.H.  ward,  the 
count  in  the  other  rooms  has  been  on  average 
about  5'  <  of  that  in  the  room  with  the  disperser. 
Lidwell  and  his  colleagues  (27a)  have  studied  a 
ward  divided  into  nine  rooms  and  found  that  the 
couni  in  rooms  other  than  that  containing  a 
source  of  staphylococci  is  about  I0rc  of  that  in 
the  source  room. 

In  studies  of  staphylococcal  infection  in  a  surgi¬ 
cal  operating  room,  Shooter  ct  al.  (46)  demon¬ 
strated  what  appeared  to  he  aerial  transfer  over 


the  distance  of  90  ft  that  separated  the  wards 
from  the  operating  room. 

The  actual  extent  to  which  staphylococci  can 
be  conveyed  within  a  ward  or  between  rooms 
must  depend  on  the  local  circumstances  of  struc¬ 
ture,  the,  and  ventilation,  but  enough  has  been 
said  to  show  that  aerial  conveyance  over  consider¬ 
able  distances  is  quite  possible. 

The  aerial  route  is  not,  of  coum,  the  only  way 
by  which  staphylococci  can  be  conveyed  from  one 
room  to  another,  and  hospital  routines  commonly 
prescribe  quite  elaborate  rituaU  for  dealing  with 
potentially  infected  duct  on  floors,  shoes,  traUay 
(cart)  wheels,  and  the  like,  which  is  thought  to 
generate  secondary  airborne  spread.  But,  though 
many  workm  have  emanated  the  bacterial  con¬ 
tent  of  floor*,  fcw  have  made  any  useftil  studies 
of  actual  ttamfor  by  this  route  (ser  S3). 

Viability  in  Air 

There  k  a  considerable  amount  of  laboratory 
work  to  thaw  that  staphylococci  commonly  sur¬ 
vive  in  the  dried  slate  for  periods  measured  in 
days  or  weeks.  Whether  there  is  any  significant 
attention  in  their  infcctivhy  on  storage  it  not 
certain.  Indications  of  some  loss  of  inactivity 
were  obtained  by  Hinton  et  al  (23)  and  by  Taylor 
et  al.  (SI);  other  worker*  have  found  no  such 
effect  (eg.,  28, 42).  Noble's  (S3,  36)  experimental 
work  in  animate  has  tiigfestirl  that  any  effect  on 
injectivity  from  desiccation  b  Hmked  to  an  ex¬ 
tension  of  liu  kg  period  and  that,  it  staphylococci 
are  protected  from  body  defenses  imsticdktely 
after  introduction  into  the  tissues,  they  are  as 
vinikm  as  fresh  organisms. 

AoQuamoN  or  AtaeostM  Stashylcwoccs 

There  are  two  important  ways  m  which  air¬ 
borne  staphylococci  might  infect  patients  in  hos¬ 
pitals:  by  inhalation  or  by  Killing  directly  into 
aome  susceptible  area,  such  as  a  wound,  or  onto 
instruments  or  dressings  that  subsequently  come 
into  contact  with  the  wound.  Inhalation  infection 
may  occur  anywhere  and  at  any  time;  sediments  - 
tion  infection  is  of  particular  importance  in  opera¬ 
ting  rooms  and  treatment  rooms  where  surgical 
wounds  are  exposed,  often  for  long  periods  of 
time.  It  will  be  convenient  to  deal  with  sedimenta¬ 
tion  infection  in  operating  rooms  first. 

Operating  Room  Infection 

Airborne  transfer  from  without.  Recent  studies 
of  air  hygiene  in  surgical  operating  rooms  date 
largely  from  the  work  of  Bourdilkxi  and  Cole- 
brook  (10)  in  a  Bums  Unit  treatment  room,  but 
it  was  the  application  of  their  work  to  the  control 
of  a  high  incidence  of  postoperative  suphy  lococ- 
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c«l  wound  infection  by  Biowm  ft  al.  (6)  and  by  part  of  the  wptic  cam  are  infected  during  Opera- 
Shooter  et  al.  (46)  that  brought  the  tubject  to  tion,  and  this  portion  is  difficult  to  estimate,  and 
genera!  attention.  Shooter  et  al.  estimated  that,  in  any  case  is  not  all  attributable  to  sedimentation 
in  an  S- month  period,  the  incidence  of  operating-  of  airborne  staphy  lococci.  In  addition,  the  mint 
room  mfectiora  was  9',  of  427  wounds;  0.07  ben  of  staphylococci  actually  settling  onto 
particles  per  ft1  containing  S.  aureus  wet  found  susceptible  areas  are  so  small  as  to  be  difficult  to 
in  samples  from  the  ah  during  operations.  A  measure. 

simple  alteration  of  the  ventilation  so  as  to  gen  Burke's  (II)  study  is  in  many  ways  the  most 
crate  a  positive  pressure  in  the  operating  room  detailed  available  By  using  a  very  sensitive  tec-h¬ 
and  esc  hide  staphylococcus -contaminated  air  niqur  he  was  able  to  recover  5.  aureus  from  46 
from  the  wards  was  followed  by  a  substantial  re-  of  3t>  wounds  examined  at  the  end  of  operation; 
duction  in  the  general  air  bacterial  count  (the  most  wounds  yielded  two  or  more  different 
number  of  S  menu  was  not  reported),  and  by  a  strains,  and  the  mean  number  of  viable  unite  of 
reduction  to  less  than  1%  fat  the  incidence  of  staphylococci  was  14  per  wound.  Potential  sources 
sepals  of  presumed  operating  theater  origin  in  for  the  staphylococci  found  in  the  wounds  were: 
332  wounds.  It  is  reasonable  to  assume  that  this  air,  68' , ;  carrier  site  on  patient,  5U' , ,  hands  or 
reduction  in  sepsis  was  attributable  to  a  reduction  nasopharynx  of  the  surgical  team,  2»\.  (In  some 
in  the  number  of  staphylococci  settling  from  the  cases,  there  were  two  or  more  potent  ail  sources  ,  i 
air  in  to  the  wounds  and  onto  the  sterile  inami-  Only  2  of  the  30  wounds  developed  any  clinical 
meats  and  equipment.  No  other  investigation  has  sign  of  postoperative  infection;  the  rate  for 
been  reported  in  which  alteration  of  the  ventila  wounds  that  had  not  been  carefully  washed  out 
tion  waa  the  only  change  made,  but  the  published  for  bacteriological  examination  was  not  pre¬ 
repart  of  Blowers  et  al.  (6)  and  subsequent  un-  tented. 

published  experience  (Blowers,  pertamd  ermmtm  In  a  comparable  study  of  the  sources  of  info. 
hulk*)  supported  the  general  idea  that  the  tion  in  33  patients  who  developed  wound  xpsis 
prevention  of  contamination  of  operating  room  apparently  resulting  from  operating  room  infee  - 
air  with  bacteria  from  other  pans  of  the  hospital  tion,  Bassett  et  al.  (3)  thought  that  a  member  of 
by  the  introduction  of  positive-pressure  ventila-  the  surgical  team  was  concerned  in  31'  ;  and  the 
tion  has  often  been  associated  with  a  reduction  patient  himself  in  17' ; ,  the  source  of  the  remain 
hi  the  incidence  of  postoperative  sepsis.  Blowers  der  being  untraced. 

and  Crew  (7)  recorded  a  mean  S.  aureus  count  of  There  are  several  other  published  studies  in 
0.6  colonies  per  ft*  in  an  exhaust-ventilated  opera-  which  an  attempt  was  made  to  relate  post  opera¬ 
ting  room,  compared  with  0.03  colonies  per  ft*  tive  infection  to  airborne  staphylococci  found  in 
in  a  plenum-ventilated  operating  room.  the  operating  room  (e  g.  ,24,33.60),  but  they  do 

Locally  gtncruied  atrial  cauiamimiiiou.  The  not  allow  easy  summary.  The  general  impression 
work  just  cited  concerned  contamination  of  is  that  staphylococci  of  the  type  responsible  for 
operating  room  air  with  staphylococci  from  other  postoperative  infection  were  rarely  found  in  the 
parts  of  the  hospital,  drawn  into  the  operating  air,  but  this  may  well  reflect  the  very  small  air 
room  by  ah  currents.  It  is  this  form  of  transfer  samples  generally  examined, 
that  is  controllable  by  positive-pressure  ventila-  In  general,  it  appears  that,  in  reasonably  well 
tion.  But  aerial  contamination  can  also  be  ventilated  operating  rooms  with  good  staff  de¬ 
generated  within  the  operating  room,  either  by  cipline,  the  S.  aureus  count  is  of  the  order  of  0.01 
disturbance  of  the  patients'  bedclothes  and  drapes  to  0.03  colonies  per  ft1,  in  a  series  of  operating 
or  from  the  skin  of  the  operating  room  personnel,  rooms,  we  have  observed  a  mean  settling  count 
as  discussed  already.  of  about  0  01  colonies  per  ft*  pet'  mm,  while  an 

Air  cotmls  ami  mfecium  tales.  The  bacterial  American  cooperative  study  reported  a  count  as 
count  observed  in  the  ah  of  an  operating  room  low  as  0.001  colonies  per  ft1  per  min  (33). 
is  clearly  the  sum  of  that  produced  by  infiltration  The  operating  room  ought  to  be  a  situation  in 
of  contaminated  air  from  without  and  that  gen-  which  il  would  he  possible  to  determine  the  aver 
crated  locally.  It  would  be  of  great  value  for  the  age  infecting  dose  of  staphylococci  for  man.  Tak- 
mon noting  of  operating  room  hygiene  if  it  were  ing  a  figure  of  0.0!  colonies  per  fl1  per  min.  and 
possible  to  relate  the  staphylococcal  (or  even  the  assuming  an  effective  target  area  of  I  O’  (to  in- 
total  bacterial)  count  in  the  air  to  the  risk  of  post  dude  instruments,  etc.)  and  a  duration  of  opera- 
oper  live  sepsis.  The  difficulties  of  deriving  such  lion  of  2  hr.  a  frequency  of  operating  room 
a  rei;  tion  ship  are,  however,  very  great.  The  inci-  infections  of  I ' ,  would  imply  that  the  I ' ;  infee  - 
denct  of  wound  sepsis  is  in  any  case  generally  me  dose  is  about  I  staphylococcus-carrying 
very  low  perhaps  between  I  and  5',.  Only  a  pnrlide  But.  to  put  any  real  meaning  into  the 
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figures.  we  need  lo  nwtsure  the  air  count  und  the 
sepsis  rule  in  a  far  greater  number  of  patient*  than 
has  vet  hern  attempted  and  to  carry  out  at  the 
tame  time  elaborate  bacteriological  cultures  on 
the  patient  hiimelf  and  on  the  ward  to  try  to 
assess  the  relative  importance  of  routes  of  transfer 
other  than  air.  And  wc  should  remember  Burke's 
(12)  them  that  sepsis  is  often  determined  largely 
by  the  condition  of  the  actual  trestle  on  which  the 
staphylococcus  alights,  and  on  the  state  of  the 
patient,  if  his  observations  are  generally  applies 
Me,  there  are  usually  plenty  of  staphylococci. 

Infertiim  In  Wards 

There  is  ample  documental  ion  of  the  rate  at 
which  both  newborn  infants  und  aoult  patients 
become  nasal  carriers  of  the  prevalent  staphy¬ 
lococcus  in  muny  hospital  wards  (56).  It  was 
reasonable  to  postulate  in  the  first  place  that 
these  staphylococci  reached  the  nose  by  way  of 
tie  air.  Evidence  has  been  sought  on  this  point 
it  tevcral  ways  by  examining  the  order  in  which 
different  parts  of  the  body  are  colon  reed,  by 
attempting  to  interfere  with  transfer  hv  one  route 
or  another,  by  try  ing  to  identify  the  source  of  the 
staphylococcus  more  precisely,  und  by  relating 
the  acquisition  rate  to  the  staphylococci  found 
in  the  air. 

The  most  precise  investigations  in  this  field 
concern  newborn  infants,  it  was  shown,  first, 
that  the  umbilicus  and  abdominal  skin  are  gener¬ 
ally  colon ued  before  the  nose  (25.  48).  Second. 
Ranunclknmp  and  his  collaborator-  showed  that 
a  nurse  currier  only  conveyed  her  staphylococci 
to  infants  if  she  handled  them  (61).  and  later 
that  the  colonization  of  the  infants  could  be  dr 
layed  by  increasing  the  precautions  « gainst  con 
tact  infection  (31,  32).  With  very  strict  precau- 

Tasi  "  I.  Primary  tilr  of  colonization  in  tuM ills' 
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•  Patients  swabbed  daily  ,  apparent  acquisitions 
on  hru  '  tlavv  of  hospital  stay,  and  acquisitions  of 
uniypahlc  strains,  excluded 


tkm<  against  cross  infection,  the  rate  oi 
acquisition  of  staphylococci  was  reduced  from 
43  to  14', ;  the  latter  infections  were  assumed  to 
be  due  to  aerial  transfer  The  relative  unimpor¬ 
tance  of  inhalation  infection  in  newborn  infants 
is  perhaps  hardly  surprising  when  one  considers 
•hat  the  infant  has  a  minute  volume  of  only  about 
500  ml  (about  0.02  ft1),  and  that  he  has  io  be  ha., 
dkd  frequently,  usually  by  nurses  who  handle  a 
good  ninny  other  infants.  But  a  14' ;  acquisition 
rale  in  a  4day  hospital  stay  is  equivalent  t. 
some  3  to  4',  per  day,  which  re  of  the  same 
order  as  observed  in  adult  wards. 

With  the  evidence  from  the  newborn  infants 
in  mind,  it  re  pertinent  to  ask  whether  the  nose 
or  some  skin  site  i-  -he  first  area  to  be  colonized 
in  the  adults  who  acquire  staphylococci  in  hos¬ 
pitals.  It  n  obviously  more  difficult  to  obtain  evi¬ 
dence  on  this  for  the  adult  than  lor  the  infant,  but 
in  a  study  of  surgical  patients  i22>  R.  A  Hender¬ 
son  examined  swabs  daily  from  the  now,  skin  or 
the  hands,  skin  near  the  wound  site,  wound,  feed- 
clothes,  and  environment  (Tahte  1).  Some  20  ^ 
of  the  81  patients  who  became  nasal  carriers 
yielded  staphylococci  of  the  relevant  phage  type 
front  one  or  other  of  the  two  skin  sites  before  its 
appearance  in  the  nose,  and  a  further  15';  had 
yielded  the  staphylococci  from  the  wound  In 
the  remainirg  66' ,  of  acquisitions,  the  nose  was 
the  first  site  on  the  patient  found  to  yield  the 
staphylococcus.  Two  important  provisos  have  to 
be  entered  here:  there  was  a  striking  dominance 
of  staphylococci  of  one  phage  type  among  the 
acquisitions  in  the  ward,  which  means  that  there 
is  a  serious  risk  of  regarding  cs  reluted  two  inde¬ 
pendent  acquisitions;  and  the  area  of  skin  exam¬ 
ined  was  very  small  and  perhaps  not  representa¬ 
tive  Additionally,  even  skin  or  clothing  con 
lamination  might  result  from  airborne  transfer, 
which  need  not  operate  only  to  Rive  inhalation 
infection.  However.  the  evidence,  such  as  it  is, 
does  not  contras ert  the  idea  that  direct  inhalation 
infection  is  important  in  the  acquisition  of  the 
nasal  vainer  slate  in  adults. 

In  our  recent  study  at  St.  Mary  s  Hospital.  53 
patients  were  ofewerved  to  acquire  nasal  carriage 
of  S.  aureus  while  in  the  ward  The  same  phage 
type  hud  been  recovered  from  the  air  prior  to  its 
recovery  from  the  patient  in  64' ,  of  cases  ilaNe 
2).  In  this  ward,  there  was  no  marked  dominance 
of  one  type,  and  indeed  25  types  arc  represented 
among  the  53  acquisitions.  Again,  this  is  not  for 
mal  evidence  that  the  nasal  earner  state  was 
acquired  by  inhalation  of  cocci,  but  it  is  const* 
tent  with  such  an  explanation 

Further  evidence  for  the  ini|\>rtance  of  aerial 
transfer  comes  from  studio  of  different  ward 
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structures.  In  an  open  22-bed  ward  we  found  that 
separation  of  patients  by  the  full  length  of  the 
ward  (about  50  feet)  only  reduced  the  rate  of 
acquisition  of  staphylococci  by  about  one- half, 
as  compared  with  the  acquisition  rate  for  a  patient 
in  a  neighboring  bed  (59).  At  the  other  extreme, 
very  low  nasal  acquisition  rates  have  been  found 
in  patients  nursed  in  single  rooms  opening  to 
fresh  air,  that  is,  when  the  chance  of  aerial  trans¬ 
fer  from  one  room  to  another  is  very  low  indeed 
(40).  There  also  appeared  to  be  very  little  spread 
of  tetracycline-resistant  strains  from  patients 
nursed  in  isolation  rooms  fitted  with  exhaust 
ventilation,  and  the  acqusition  rate  for  such 
strains  was  greatly  reduced  in  a  ward  in  which 
all  patients  harboring  such  strains  were  isolated 
(59). 

In  adult  patients,  there  are  technical  difficulties 
in  recognizing  the  acquisition  of  nasal  carriage 
that  are  not  present  with  infants,  since  truly  per- 

Table  2.  Number  of  patients  showing  apparent 
acquisition  of  nasal  carriage  In  relotion  to 
previous  air  exposure  (S.  M.  H.)‘ 


Staphylococci  of 
No.  of  ureki  pom  |  acquired  type— 
negative  for  the  _ 


staphylococ cu» 

Found 

N'ol  found 

before  acquisition 

in  sir 

in 

sir 

previously 

previously 

i 

15 

(9)‘ 

ii 

(8) 

26 

(17) 

2 

9 

(6) 

2 

(2) 

II 

(8) 

3 

3 

a  i 

2 

(2) 

5 

(4) 

4 

3 

(1) 

<2) 

J 

O) 

5+ 

4 

(3) 

2 

(1) 

6 

(4) 

Total 

34 

(21) 

19 

(IS) 

53 

(36) 

*  An  additional  13  (9)  patients  were  found  on 
admission  to  the  ward  to  be  carriers  of  a  staphylo¬ 
coccus  previously  found  in  the  air  and  so  may  well 
have  acquired  their  nasal  carriage  in  the  ward. 

*  Numbers  in  parentheses  give  patients  carrying 
the  acquired  strain  on  one  occasion  only. 


sistent  carriers  may  fail  to  yield  staphylococci  on 
some  occasions.  However,  since  carriage  of  tet- 
racycliiie -resistant  staphylococci  is  even  now 
relatively  rare  (at  (east  in  Britain)  in  people  out¬ 
side  hospitals,  such  strains  form  a  convenient 
indicator  of  hospital  acquisition.  Some  rates  of 
acquisition  of  tetracycline-resistant  staphylococci 
in  various  wards  Bre  presented  in  Table  3  Un¬ 
fortunately,  data  for  tetracycline  resistance  of 
staphylococci  isolated  from  air  samples  in  these 
wards  are  not  available,  so  it  is  only  possible  to 
compare  the  ranking  of  the  wards  with  respect  to 
the  two  parameters.  The  very  limited  results  sug¬ 
gest  that  the  acquisition  rate  was  higiter  in  the 
wards  with  the  higher  counts  of  air  staphylococci. 
For  various  technical  reasons,  it  has  not  yet  been 
possible  to  test  directly  the  relation  of  the  acquisi¬ 
tion  rate  to  the  exposure  to  particular  staphy¬ 
lococci,  though  this  clearly  needs  to  be  done. 

Minimal  infective  dose.  If  we  are  to  understand 
the  epidemiology  of  airborne  infection,  we  must 
know  the  minimal  dose  of  microbes  ordinarily 
needed  to  effect  colonization  or  infection;  this 
number  is  not  known,  but  it  is  so  important  that 
it  seems  justified  to  indulge  in  some  extrapolation 
from  the  few  figures  available.  Shinefield  and  his 
colleagues,  in  their  investigations  of  bacterial  in¬ 
terference,  found  that  they  could  set  up  a  carrier 
state  in  the  nose  of  50?:  of  newborn  infants  by 
the  inoculation  of  between  200  and  400  cocci.  As 
noted  already,  most  airborne  staphylococcus- 
carrying  particles  appear  to  contain  no  more  than 
one  to  six  viable  cocci. 

In  experimental  infections,  it  is  generally  found 
that  the  relation  between  dose  and  attack  rate  is 
not  linear,  but  conforms  to  an  S  shaped  curve. 
For  extrapolation  to  be  possible,  it  is  therefore 
necessary  to  apply  some  transformation  to  ihc 
data,  e.g.,  to  plot  the  logarithm  of  the  dose  inocu¬ 
lated  against  the  probit  of  the  percentage  attack 
rate.  This  has  been  done  in  Fig.  6  for  the  data 
obtained  by  Shinefield  and  his  colleagues  (43, 
supplemented  by  a  personal  comtrunicoi' m  from 


Table  3.  Acquisition  of  nasal  carriage  of  tetracycline-resistant  Staphylococcus  aureus  in  relation  to  daily 

exposure  to  airborne  slaphyloctuci 


Median  j 

Acquisition 

Refen.  ice 

i 

Type  of  ward 

i 

exjiOAurr  j 
(isartickV 

24  hr>  j 

t 

rate 

(per  cent 
per  day 1 

Williams  et  aL  (59),  Noble  (34)  j 

22-24  bed  open,  S.  B  H. 

18 

0.7 

Shooter  et  al.  i47 1 

22  24  bed  divided  in  two  parts,  S.  B  H. 

9" 

0.6 

8* 

0.3 

W  illiams  (i/i  preparation! 

14  beds  in  4  rooms,  S.  M.  H. 

4 

0.3 

1  kIucII  et  at  i27a) 

30  beds  in  9  rooms,  S.  B.  H. 

4  ! 

0.1 

I  hiM  values  are  estimates  based  on  mean  counts  provided  by  O.  M.  Lidwell,  converted  to  medians 
on  the  assumption  that  the  distribution  was  similar  to  that  in  the  eatlier  S.  B.  H.  studies. 
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Fk..  6.  Relation  bet  wren  dost  of  staphylococci  inoc 
nlated  into  infants'  noses  ami  acquisition  rate  for  nasal 
ca triune.  Based  on  figures  k, tally  Supplied  by  Henry  R. 
Shirtefieitl. 


Dr.  Shinefield),  and  the  points  lie  very  close  to  a 
straight  line.  Extrapolation  of  the  line  back  would 
suggest  an  attack  rate  of  about  0.02%  for  a  dose 
of  five  cocci.  The  observations  cf  Shinefield  ct  &1. 
were  made  on  newborn  infants  who  are  presum¬ 
ably  more  susceptible  to  staphylococcal  coloniza¬ 
tion  than  adult  subjects,  but,  in  the  absence  of 
any  other  figures,  the  calculation  may  be  worth 
pursuing. 

The  data  in  Fig.  5  suggest  that  the  median 
number  of  staphylococcus-containing  particles 
inhaled  in  the  S.B.H.  wards  may  have  been  about 
18.  Each  of  these  particles  probably  contained, 
on  the  average,  about  4  viable  cocci,  so  that  the 
total  daily  dose  inhaled  could  be  estimated  at 
about  70  cocci;  if  the  dose-response  relation  ob¬ 
served  by  Shinefield  were  applicable  to  the  adults, 
this  dose  might  be  expected  to  generate  a  “take- 
rate”  of  just  over  10%  per  day  if  all  the  inhaled 
particles  co-operated  to  set  up  the  carrier  state, 
or  0.16%  if  they  acted  independently.  Unfortu¬ 
nately,  we  do  not  know  how  many  of  the  airborne 
staphylococci  were  tetracycline-resistant,  but  the 
apparent  acquisition  rate  for  tetracycline-resist¬ 
ant  strains  was  about  0.7%  per  day. 

In  the  S.M.H.  divided  ward,  the  median  dose  of 
sensitive  and  resistant  staphylococci  inhaled  was 
about  16,  which  on  Sim?*  field’s  figures  would  indi¬ 
cate  a  take  rate  of  0.6%,  or  less  than  0.01  %  if  all 
the  particles  acted  independently;  the  actual  rate 


of  acquisition  of  tetracycline  resistant  strains  was 
0.3%  per  day. 

These  and  some  other  similar  data  are  presented 
in  Table  3.  Although  quite  insufficient  to  indicate 
a  clear  relation,  they  suggest  that  the  staphylococ¬ 
cal  acquisition  rate  in  different  wards  may  well 
be  related  to  the  air  count.  In  fact,  the  acquisition 
rates  in  the  wards  are,  considering  the  amount  of 
extrapolation  involved,  clearly  of  the  same  order 
as  those  predicted  from  Shinefield's  figures.  Bui 
at  least  these  calculations  clearly  indicate  that 
there  is  no  wild  improbability  in  the  idea  that  the 
acquisition  of  the  nasal  carrier  state  in  surgical 
patients  results  from  the  inhalation  of  such  air¬ 
borne  staphylococci  as  can  be  shown  to  occur  in 
the  wards.  The  number  of  complicating  factors 
in  any  precise  analysis  is  formidable. 

In  the  first  place,  as  already  noted,  the  figure 
for  a  median  bacterial  count  conceals  enormous 
variations,  and  we  clearly  need  to  know  whether 
a  short  exposure  to  a  large  number  of  airborne 
staphylococci  is  equivalent  to  a  more  prolonged 
exposure  to  smaller  'lumbers.  A  second  complica¬ 
tion  arises  from  the  fact  that  staphylococci  ap¬ 
pear  to  vary  in  their  ability  to  colonize  the  nose 
(37),  so  that  there  is  reason  to  think  that  inhala¬ 
tion  of  large  numbers  of  cocci  of  some  strains  may 
be  less  effective  in  setting  up  the  carrier  state  than 
inhalation  of  others.  The  third  complication  arises 
from  differences  in  the  recipients.  The  phenom¬ 
enon  of  bacterial  interference,  studied  in  detail 
by  Shinefield  et  a!.  (43,  43a)  in  infants,  almost 
certainly  operates  in  adults  also.  Several  workers 
have  shown  that  patients  admitted  to  hospital  as 
carriers  of  S.  aureus  sir  less  liable  to  acquire  hos¬ 
pital  strains  than  patients  admitted  as  noncarriers 
(e.g.,58).  The  fact  that,  at  least  in  open  wards, 
patients  treated  with  antibiotics  acquire  hospital 
staphylococci  in  the  nose  more  often  than  those 
who  are  not  (e.g,  39)  is  presumably  another  ex¬ 
ample  of  the  same  phenomenon,  which  was  well 
demonstrated  experimentally  by  Boris  ct  al.  (9). 
At  the  same  time,  antibiotic  treatment  probably 
prevents  nasal  acquisition  in  other  patients. 

Relevance  of  Nasal  Acquisition 

In  the  operating  room,  we  must  assume  that, 
whatever  the  dose-response  relation,  the  aerial 
transfer  of  staphylococci  to  the  wound  itself  is 
potentially  important.  It  may  be  tsked  whether 
there  is  any  corresponding  relevant?  in  the  nasal 
acquisition  of  staphylococci  in  the  wards.  There 
seem  to  us  to  be  two  ways  in  which  the  nasal 
spread  is  important. 

In  the  first  place,  it  appears  that,  at  least  in 
some  circumstances,  nasal  carriage  of  staphy¬ 
lococci  predisposes  to  postoperative  infection 
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(58).  There  has  been  some  discussion  on  the  sig¬ 
nificance  of  these  observations  (3,  22.  30).  hut 
scrutiny  of  the  records  of  a  considerable  number 
of  patients  leaves  no  doubt  in  my  mind  that  the 
phenomenon  is  teal,  even  if  not  generally  so  fre¬ 
quent  as  suggested  by  our  original  observations. 

But  nasal  carriage  is  also  relevant  in  that  it 
seems  to  be  the  mechanism  by  which  the  endemic 
staphylococci  persist  in  the  hospital.  Such  per¬ 
sistence  can  often  be  for  a  long  period.  For  ex¬ 
ample,  at  Saint  Bartholomew's  Hospital  wc 
observed  the  spread  of  a  staphylococcus  of  phage 
type  75  77  which  continued  from  the  start  of  the 
study  in  one  ward  in  February  1959  until  the  end 
of  January  I960.  During  this  period  of  1  year, 
there  were  only  39  days  when  there  was  not  pres¬ 
ent  a  patient  who  was  either  known  or  reason¬ 
ably  presumed  to  be  a  carrier  of  the  strain.  A 
total  of  23  patients  were  infected  with  the  strain, 
but  only  6  of  them  had  any  clinically  infected 
lesion. 

Conclusion 

The  commensal  association  of  staphylococci 
with  man  is  universal  (56)  and  to  a  large  degree 
harmless.  The  transfer  from  one  individual  to 
another  must,  under  ordinary  circumstances,  very 
often  be  by  direct  or  indirect  contact.  But  ability 
to  disperse  5.  aureus  into  the  air  in  large  numbers 
is  a  characteristic  sometimes  temporary  and 
sometimes  persistent  of  a  numbei  of  healthy 
people,  and  wherever  wc  go  indoors  tlwre  is  a 
chance  that  we  shall  inhale  staphylococci.  |A  few 
observations  in  two  Post  Offices  in  London  have 
given  an  average  sedimentation  count  of  0.01 
colonics  per  ft’  per  min.  a  figure  quite  similar  to 
that  for  hospital  wards  <  J.  Corse,  per  si  mat 
communication)].  But  it  is  only  in  hospitals  that 
any  detailed  study  of  the  processes  of  transfer 
has  been  made. 

Airborne  transfer  in  hospitals  gains  its  special 
significance  from  the  fact  that,  if  this  route  is 
actually  operative,  a  single  disperser  is  potentially 
able  to  infect  a  considerable  number  or  other 
patients,  who  need  not  be  confined  within  the 
same  room,  or  even  perhaps  on  the  same  Root; 
and  the  transfer  of  infection  cannot  be  contained 
by  ordinary  methods  of  asepsis. 

The  evidence  that  has  been  reviewed  seems  to 
leave  little  doubt  that  airborne  transfer  can  be  of 
importance.  It  suggests  that  the  acquisition  of 
nasal  carriage  of  5.  aureus  by  patients  nursed  in 
hospiml  wards  can  be  explained  if  the  dose-etfect 
relationship  determined  experimentally  in  infants 

approximately  applicable  to  adults.  If  the  re 
suits  obtained  in  the  studies  reviewed  can  be 
confirmed  r'sewhere,  we  should  have  a  rational 


hasis  for  assessing  one  aspect  of  hospital  hygiene 
in  relation  to  the  prevention  of  staphylococcal 
infection.  We  still  luck,  however,  a  precise  meas¬ 
ure  of  the  relative  part  piuyed  by  this  airborne 
spread  in  the  etiology  of  staphylococcal  hospital- 
acquired  infection  generally. 

lo  take  surgical  wound  infection  as  an  ex¬ 
ample,  we  have  to  recognize  thut  infection  can  he 
derived  from:  (i)  staphylococci  carried  by  the 
putient  on  admission  to  hospital,  (ii)  staphs 
lococci  that  the  patient  has  come  to  carry  in  the 
nose  and  on  the  skin  after  admission,  which  sub¬ 
sequently  enter  the  wound:  and  (iii)  staphylococci 
that  reach  the  wound  directly  without  the  prior 
intervention  of  the  nose  or  skin  carrier  state.  It 
appears  that  aerial  transfer  plays  a  major  part 
in  the  second  of  these  categories  and  it  part 
sometimes  major  and  sometimes  minor  in  the 
third.  But  we  have  insufficient  precise  evidence 
on  the  relative  importance  of  the  three  categories 
themselves  The  proportion  will  clearly  differ 
greatly  from  one  hospital  to  another,  and  within 
one  hospital,  front  one  sort  of  surgical  operation 
to  another,  and  from  time  to  time. 

The  challenge  with  which  we  are  faced  is  to 
provide  much  more  firmly  based  estimates  of  the 
relative  frequencies  in  these  categories  and  the 
factors  that  determine  them.  The  practical  justi¬ 
fication  for  attempting  such  an  analysis  is  that  it 
can  provide  the  only  basis  for  judging  how  best 
to  construct  and  ventilate  hospitals.  And  the 
fundamental  difficulty  of  performing  the  analysis 
is  that  in  any  hospital,  where  the  analysis  would 
be  practicable,  the  overall  incidence  of  infection 
is  probably  no  more  than  I  to  2' , ,  and  this  small 
proportion  must  he  distributed  over  all  the 
various  routes  and  sources. 
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Discussion 


ALEXANDER  D  LANGMUIR 

Epidemiology  Branch,  Communicable  Disease  Center,  U.S.  Public  Hestllh  Service,  Atlanta,  Georgia 


Dr.  Williams  has  presented  a  perceptive  review 
of  our  knowledge  of  the  occurrence  of  Staphy¬ 
lococcus  aurrus  in  the  air  of  hospital  wards  and 


surgical  operating  rooms  and  of  its  spread  to 
patients.  It  is  impressive  how  much  work  has 
been  reported  during  the  past  decade  and  what  a 
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major  contribution  Dr.  Williams  and  his  col¬ 
leagues  have  made  to  the  total  body  of  this  knowl¬ 
edge.  He  has  been  penetrating  in  his  analyses  and 
careful  to  limit  hit  rather  guarded  interpretations 
and  conclusions  to  arms  in  which  he  has  sub¬ 
stantial  microbiological  data  to  support  his  long 
experience. 

The  present  discussant  has  neither  these  assets 
nor  limitations.  As  a  general  practitioner  of  epi¬ 
demiology  and  an  early  convert  to  a  recognition 
of  the  importance  of  airborne  infection  in  some 
diseases,  I  believe  I  can  best  contribute  by  dis¬ 
cussing  certain  broader  issues  that  may  be  related 
not  only  to  the  subject  of  staphylococcal  infection, 
but  also  to  the  whole  purpose  of  this  Conference. 

In  his  introductory  paragraph,  Dr.  Williams 
points  out,  "It  is  a  characteristic  of  the  airborne 
route  of  infection  in  contrast  to  transfer  by  lood 
or  water— that  whenever  there  is  the  possibility 
of  aerial  transfer  there  is  almost  always  also  the 
possibility  of  transfer  by  other  routes."  Obviously 
Dr.  Williams  was  thinking  about  staphylococcal 
infection  in  hospitals,  where  his  concept  is  cru¬ 
cially  important,  but,  considering  the  generaliza¬ 
tion  as  stated,  it  needs  considerable  qualifications. 

Until  the  mid-1940's,  our  concepts  of  airborne 
infection  were  vague.  In  feet,  to  most  epidemiolo¬ 
gists  and  microbiologists,  the  term  still  carried 
the  stigmata  of  miasms  and  malarias  of  the  pre- 
bacteriological  era.  During  the  past  20  years, 
however,  our  concepts  of  airborne  infection  have 
become  increasingly  sharp  and  distinctive,  owing 
in  no  small  part  to  the  studies  conducted  by  the 
U.S.  Army  Biological  Laboratories  and  the  Mi¬ 
crobiological  Research  Establishment  in  the 
United  Kingdom. 

The  clinical,  pathological,  and  epidemiological 
patterns  of  primary  histoplasmosis,  coccidioido¬ 
mycosis,  inhalation  anthrax,  primary  pulmonary 
tuberculosis,  Q  fever,  tularemic  pneumonia,  pneu¬ 
monic  plague,  and  a  host  of  laboratory-acquired 
infections  leave  no  basis  for  concision  as  to  their 
airborne  origin.  In  these  diseases,  the  portal  of 
entry  is  the  terminal  bronchiole  or  alveolus  of 
the  lung.  Infection  arises  by  the  inhalation  of 
small  particles  1  to  3  u  in  size.  The  primary  pathol¬ 
ogy  appears  in  the  periphery  of  the  lungs  or  the 
mediastinum.  Epidemiologically,  there  is  a  history 
of  direct  exposure  to  an  aerosol  or  to  gross  aerial 
contamination  of  large  rooms,  whole  buildings, 
and  at  times  the  outdoor  atmosphere.  The  air¬ 
borne  character  of  these  diseases  can  no  longer 
be  rationally  disputed.  When  these  infections 
occur  by  other  routes,  for  example,  scrofula  from 
tuberculous  milk,  tularemia  from  a  tick  bite,  or 
bubonic  plague  from  a  flea,  the  clinical  and  epi¬ 
demiological  patterns  are  distinctive. 

Turning  our  attention  to  infections  in  which 
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the  portal  of  infection  is  the  respiratory  epithelium 
of  the  nose  or  the  tonsillar  tissue  of  the  naso 
pharynx,  the  problem  of  differentiating  possible 
multiple  routes  of  transfer  does  ise,  It  has  long 
been  a  challenge  to  the  epidemiologist  to  dis¬ 
tinguish  among  four  related,  but  distinct,  modes 
of  spread:  (i)  direct  contact,  as  in  kissing,  mi  in¬ 
direct  contact,  as  in  the  use  of  contaminated 
surgical  instalments;  (hi)  droplet  infection  with 
direct  impingement  on  the  face,  mouth,  or  con¬ 
junctiva;  and  (iv)  airborne  infection  from  the  in¬ 
halation  of  suspended  droplet  nuclei  or  infectious 
dust  particles  that  have  travelled  some  distance 
through  the  air. 

In  is  interesting  and  pertinent  to  isolate  staphy¬ 
lococci  from  the  air  of  wards  and  operating  rooms 
and  to  show  that  these  organisms  have  retained 
their  virulence.  Likewise,  it  is  highly  suggestive 
to  isolate  staphylococci  from  the  anterior  narcs 
of  postoperative  patients.  But  such  findings  by 
themselves  are  insignificant.  The  human  nose  is 
an  excellent  filter,  especially  for  larger  aerosols. 
The  Isolation  of  a  few  staphylococci  from  the 
nose,  particularly  if  only  on  a  single  occasion, 
may  be  of  tittle  or  no  significance.  The  infect  ivity 
ol  a  dried  bacterial  particle  in  metabolkally  sus¬ 
pended  animation  almost  certainly  is  less  than 
that  of  a  droplet.  Such  a  moist  particle  may  carry 
actively  metabolizing  bacterial  cells  along  with 
toxic  products,  enzymes,  and  receptor  substances 
that  may  greatly  fecilitate  invasion  of  tissue  and 
enhance  the  competitive  position  of  the  microor¬ 
ganism  vis-a-vis  the  body’s  still  to-be-mobilized 
defense  mechanisms. 

What  n  essential  and  necessary  evidence  is  the 
demonstration  that  the  elimination  of  one  or  more 
of  the  means  of  spread,  keeping  the  remaining 
ones  constant,  radially  and  consistently  reduces 
the  incidence  of  actual  disease.  The  importance 
of  contact,  both  direct  and  indirect,  sms  estab¬ 
lished  so  long  ago  that  it  now  tends  to  he  forgotten 
or  ipvored.  The  development  of  aseptic  surgery 
proved  that  contact  was  the  dominant  inode  of 
spread  of  surgical  repair  and  that  airborne  in¬ 
fection  was  of  minor  consequence.  Application 
of  the  same  aseptic  principles  to  hospital  manage¬ 
ment  permitted  the  development  of  the  modem 
pediatric  hospital  and  contagious  disease  services, 
again  establishing  the  dominant  importance  of 
contact-infection. 

It  is  more  difficult  to  distinguish  precisely  the 
role  of  droplet  infection,  because  it  is  so  closely 
associated  with  direct  contact.  The  tendency  of 
many  persons  to  equate  droplet  infection  with  the 
airborne  route  rather  than  with  contact  is,  in  my 
judgment,  ill-advised.  The  control  of  droplet  in¬ 
fection  calls  for  strict  personal  hygiene,  wearing 
of  masks,  and  other  individual  measures  regularly 
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associated  with  aseptic  to.  hmques  rather  than  for 
the  engineering  methods  applicable  to  the  control 
of  aerosols  and  dust. 

Some  rather  heroic  efforts  have  been  made  to 
control  airborne  infection  in  pediatric  and  surgical 
wards  and  operating  rooms  with  controlled  ven¬ 
tilation  and  ultraviolet  irradiation.  It  is  a  safe  gen¬ 
eralization  to  say  that,  the  more  carefully 
controlled  these  experim  nts,  the  less  impressive 
the  evidence  in  favor  of  airborne  infection  has 
been.  As  emphasized  by  Dr.  Williams,  when  strict 
asepsis  is  enforced  to  minimize  contact  and  drop¬ 
let  infection,  the  rate  of  hospital-acquired 
infection  ia  reduced  to  well  below  5' , .  and  may 


reach  l\  It  is  exceedingly  difficult  to  prove 
whether  this  low  residual  rate  results  from  air¬ 
borne  infection  or  from  failure  of  the  aseptic 
techniques  to  eliminate  all  contact 
Dr.  Williams  has  drawn  guarded  conclusions 
regarding  the  role  of  airborne  staphylococcal  in¬ 
fection  in  hospitals.  He  has  emphasized  the  mul¬ 
tiple  sources  of  inlection  and  modes  of  spread.  He 
admits  that  "we  have  insufficient  precise  evi¬ 
dence"  on  their  relative  importance  The 
cpidcmiologiml  evidence,  also  fur  from  precise 
and  based  on  more  general  considerations,  sup¬ 
port!  his  caution. 


l)lM‘U»»i<HI 

Viability  of  Hospital  Staphylococci  in  Air 

K.  C  STR  ASTERS'  and  K  C  WINKLER 
Laboratory  fra  Mkmbtvhgy,  Stair  L’nhrrnlty,  Utrtrht,  Thr  XtthrrUtaUx 


The  role  of  airborne  transmission  in  the  spread 
of  staphylococci  in  hospitals  (.1)  has  not  been 
definitively  established.  Though  several  authors 
studied  the  survival  of  staphylococci  in  air  and 
on  surfaces  (I,  2,  4;,  exact  knowledge  of  the 
survival  of  "epidemic"  end  "nonepidemic,l  strains 
is  scarce. 

The  survival  of  a  number  of  strains  (for  des¬ 
cription.  see  Table  2)  in  air  of  differing  relative 
humidity  (RH)  was  studied  by  spraying  with  u 
direct  spray  (FKB)  in  a  static  system  (4,000  liters) 
and  sampling  10  liters  in  a  slit  sampler  on  blood- 
agar  plates  (Fig.  la).  The  reference  strain  no. 
1600  (isolated  from  a  nose  swab,  phage  type  I*7) 
showed  a  low  decay  rate  at  50' ,  RH  and  an  in¬ 
creased  decay  rate  at  high  KH  (Fig.  2).  This  effect 
was  generally  found  with  most  strains.  During 
the  experiments,  it  became  clear,  however,  that 
by  varying  the  growth  medium,  the  age  of  the 
culture,  the  suspension  medium,  ihe  method  of 
aerosolize  non,  and  the  composition  of  the  col¬ 
lection  plates,  any  desired  result  could  be 
obtained.  Decay  curves  could  be  kigarithmical 
or  curved,  and  the  effect  of  relative  humidity 
could  be  very1  marked  or  nonexistent.  This  vari 
ability  was  specially  marked  at  high  relative 
humidities,  and  less  so  below  SO',.  The  late 


TABtt  I.  Survival  In  air  of  strum  IsolairJ  la 
hospitals  cttmpurrJ  with  rrlrrracr 
strata  1600  i*T  ,  KH  I* 


Slrtin 

Phaat  in* 

tXIO 

K  Km. 

tarn 

117 

87,81,  79,89, 

1.00 

85,  95.  82.  96,5 

85 

95,76.97  1 

l 

80/11 

VS 

1.09 

7 

80/81 

74 

0.94 

17 

BO/81 

77 

0  81 

II 

52/80/81 

75 

0.77 

J 

52,10/81 

77 

0.89 

I 

52/80/81 

70 

n  ao 

1550  A 

52,10,11 

76 

0.94 

'451  A 

52/80/81 

TO 

0.79 

2 

NS  l  III 

84 

0.97 

1550  B 

NS  1  III 

87 

1.07 

1451  B 

NS  l-lll 

76 

0  89 

4 

ill 

79 

0.98 

to 

III 

102 

1.15 

11 

III 

92 

1.05 

16 

III 

108 

1.14 

15 

85  A 

114 

1.27 

15 

III  type  A 

117 

1.38 

9 

II 

79 

1  00 

*  Three  strains  were  tested  daily  together  wiih 
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the  fC ha,  observed  on  lhat  day.  Calculation  based 
on  ihe  mean  of  K,%„  reduced  the  differences. 
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appearance  of  small  colonies  on  collection  plates 
at  high  RH  (hg.  Ib>  indicated  that  many  orga¬ 
nisms  were  damaged  .id  staned  growth  only  afler 
a  long  lag 

An  instance  of  variability  with  culture  age  is 
gisen  in  Fig.  3  and  4  Figure  5  give*  the  growth 
curse  of  strain  I Nm  m  nutrient  broth  (Oifcoi 
At  the  indicated  times  ( >,  the  numher  of  singk 
organisms  and  of  clumps  of  two.  three,  nr  more 
orgiinisms  wus  determined,  or  ti  sample  of  the 


fn.  I  (Womn  „f  ilaphy/ncorcl  ,  it  rum  1000)  rr- 
1 1  nenw  Ihm  urnWi  in  uir  of  Hi  0  C  im  hlnoj-ufur 
l*ilrs  to  u  Jit  lumpier  The  four  MV  tori  rrperumi  .15. 
mm  i  /O-i/trr)  sampin  40.  41,  SO,  ami  00  mto  afler 
orrouditoikm.  ,0. 4fY  r  flu  uniform  coimOes.  hi  tor', 
RH  tmmntog  numbers  of  tmu/l  ntomtox  ,W  »«.  meto- 
toin  itumuer  to  tutor  sumptrs. 
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F*0.  3.  Growth  runt  uf  itruto  1000.  with  frequency 
tostrtoutkm  of  stogie  oepmtims  ant  clump*  uf  various 
sites  shown  at  the  bottom  o/  the  ttgurr .  nybi-lumJ  rruh). 
.<l  the  imJhateJ  Hum  i  .  uim/dri  were  thluttti  arid 
aerotoHttil  (compare  with  Fig  4i 
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culture  mi  diluted  ( ; )  and  aerosolized.  Figure 
4  gives  Die  corresponding  decay  curves  at  70'  , 
RH. 

Finally,  we  arrived  at  an  experimental  pro¬ 
cedure  that  gave  reproducible  results  and  decay 
curve*  which  were  straight  on  a  logarithmic  stale 
(Fig.  51  at  all  RH  levels.  The  strains  wen;  imxu 
la  ted  from  stock  cultures  into  10  ml  of  meat 
infusion  broth  and  incubated  for  8  hr  at  37  C. 
This  culture  was  diluted  I  ;300,  and  a  standard 
droplet  (0.03  ml)  wav  inoculated  into  20  ml  of 
meat  broth  which  was  incubated  for  16  hr  on  a 
turntable  at  37  C.  This  culture  was  diluted  with 
meat  broth  to  an  extinction  of  £  -  0.180  (Uni 
cam).  A  further  dilution  of  1 : 100  was  rrwde  with 
meat  broth  This  suspension  containing  about 
6  X  10“  viable  particles  per  cubic  meter  wav 
sprayed  with  a  direct  spray  (FK  8)  with  5  atm 
of  nitrogen  (6.)  ml  in  4,000  liters).  Collection  was 
on  douNe-tayercd  blood-agar  plates  with  10*7 
sheep  Maud  in  a  meat  broth  base  Important 
features  seem  to  be  the  incubation  under  slight 
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agitation,  the  um  of  metabolwallv  inert  orga¬ 
nisms  alter  16  hr  of  growth,  omission  of  centrifu 
gation  and  washing,  and  the  use  of  a  direc  t  spm  v 
Recoveries  were  between  40  and  50  .  At  low 
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Tabu  2.  Sunleml  Im  olr  of  unilms  which  had  caused 
epidemic  errors  Im  hospitals,  compand  with 
rr former  strain  1600  <W[  XH  > 
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RH.  the*  were  slightly  higher.  Difference*  between 
drain*  Mere  negligible  In  Table  2.  the  mean 
recover*  an*  4#',  with*  ■=•  24*T. 

The  result*  with  a  number  of  dram*  are  given 
ut  table*  1  and  2  in  term*  of  total  decay  rate  K 

^  toft  *  ’ 

<K  -  ^  .  where  N  =  number  of  orga- 

nivmsiindr  tune  in  minutes*  Ph*  steal  fall  out 
m  the  *>*tcm.  a*  tested  with  spore*  and  with 
fluorescein.  wa*  below  A'  0 <**2,  but  wa*  not 
Mihiracled  No  oh*  urns  difference  wa*  observed 
between  sitnin*  of  various  phage  tspe*,  all  iso¬ 
lated  from  patients  (noses,  lesion*,  etc.)  or 
between  the  'train*  received  b>  the  courtesy  of 
M  T.  Parker  fritm  the  Ceniral  Public  Health 
Laboratories  nt  Colindalc,  London,  tngland, 
which  had  given  me  to  epidemic*  (Table  2). 

The  data  seem  to  indicate  that  "epidemic" 
drain*  do  not  survive  better  than  other  strains 


in  air  Considering  the  difficulties  in  Uandardua 
lion  of  experimental  condition*  and  our  lack  of 
knowledge  of  the  factors  causing  the  reprndiki 
btlily.  it  remains  possible  that  difference*  between 
strain*  are  masked  by  the  procedure  used 
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Inirixjuction 

Coccidioidomycosis,  a  highly  infectious  but 
nonconiagious  disease  caused  by  the  dimorphic 
fungus  Coccidioides  immitis,  is  limited  mainly  to 
the  desert  regions  of  southwestern  North  America 
and  the  Grand  Chaco-Pumpa  region  of  South 
America  (Fig.  1). 

This  disease,  primarily  a  respiratory  infection, 
manifests  itself  over  a  wide  range  of  severity, 
from  acute  bronchitis  or  pneumonia  in  about  40',  0 
of  the  infections  to  subchnical  or  nonsymptomatic 
disease  in  approximately  60'  c  of  the  instances 
(10,  30).  Occasionally,  in  a  few  infections  (0.5  to 
2'.;),  extxapulmonary  dissemination  takes  place, 
resulting  in  a  fatality  rate  of  approximately  50'  ; 
in  the  disseminuted  cases  (Fig.  2'.  The  disease  is 
of  great  economic  importance  in  the  endemic 
areas,  from  the  standpoint  of  both  human  and 


canine  infections  (16, 25).  As  an  example.  Flugen- 
holtz  (19a)  has  reported  that  at  Williams  Air 
Force  Base,  near  Phoenix,  Ariz.,  the  cost  of  man¬ 
hours  lost  and  of  hospitalization  due  to  coc¬ 
cidioidomycosis  approaches  S70.000  per  year. 
Other  Air  Force  buses  in  the  area  have  estimated 
the  cost  of  these  infections  at  850,000  to  $100,000 
yearly.  When  the  number  of  Air  Force  Bases, 
Army  installations,  etc.,  in  the  Southwestern 
United  States  is  taken  into  consideration,  this 
could  amount  to  a  significant  cost  to  the  govern¬ 
ment. 

Respiratory  exposure  results  from  inhalation 
(20)  of  arthrospores  of  the  saprophytic  phase, 
which  grow  in  the  soil  and  are  disseminated  by 
wind  ouring  dust  storms  (12,  30).  Although  C.  im- 
tniiis  can  readily  be  isolated  from  the  soil  (5-9, 
15,  23,  33),  isolation  by  means  of  air  samplers  is 
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Fia.  I.  Endemic  areas  of  coccidioidomycosis  in  North,  Central,  and  South  America  <  10).  ( Courtesy  of  M  J. 
First.) 

extremely  difficult.  Consequently,  not  much  is  mycosis  in  monkeys  and  in  dogs  (serology,  histo- 
known  concerning  the  size  of  the  infectious  dose  pathology,  X  ray,  etc.)  exposed  to  graded  respira- 
in  nature.  tory  doses  of  10  to  80,000  C.  immitis  urthrospores. 

The  purpose  of  the  present  study  was  an  at-  In  our  experience,  the  dog  was  as  susceptible  to 
tempt  to  determine  the  infectious  dose  by  the  use  the  disease  as  the  monkey,  but  was  more  resistant 
of  laboratory  animals  as  ‘'biological  air-sam-  to  its  effects,  because  of  its  ability  to  maintain  n 
piers.”  As  a  baseline  for  the  study,  the  U.S.  Army  blood  supply  to  the  lesions  for  a  longer  period  of 
Biological  Laboratories  has  a  large  amount  of  time  and  because  of  a  faster  and  more  prolific  col- 
data  (2  4,  28)  on  the  pathogenesis  of  coccidioido  lagen  response  to  the  presence  of  the  organism 
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Flo.  2.  Schematic  j ummary  of  types  of  Infection  caused  by  Coecldioktes  bnmiti.t. 


(3).  It  was  postulated  that  the  monkey  is  most  sus¬ 
ceptible  to  the  ravages  of  the  disease,  that  the  dog 
is  least  affected,  and  man  is  somewhere  on  the 
scale  between  the  species,  but  probably  much 
closer  to  the  dog  than  to  the  monkey.  Moreover, 
other  experimental  studies  in  dogs  by  Reed  (26) 
and  Hugenholtz  et  al.  (13)  have  indicated  that  the 
pathogenesis  of  coccidioidomycosis  in  man  and 
dogs  is  very  similar;  the  only  real  difference  lies 
in  the  bone  lesions,  which  are  more  destructive  in 
man  and  more  proliferative  in  dogs  (16,  23). 

With  this  type  of  data  available,  it  seemed  logi¬ 
cal  that  observations  on  monkeys  and  dogs  ex¬ 
posed  in  the  open,  in  an  endemic  area,  might  be 
compared  with  observations  of  animals  receiving 
known  experimental  respiratory  doses,  thereby  re¬ 
sulting  in  a  valid  estimation  or  the  infectious  dose 
of  C.  immitis  received  by  man  in  nature. 

Choice  of  Location  for  Natural  Exposure  of 
Animals 

The  endemic  areas  of  coccidioidomycosis  and 
the  climatic  and  geophysical  conditions  necessary 
for  growth  of  C.  immitis  in  the  soil  have  been 
firmly  established  Among  the  major  contributions 
in  this  area  of  study  have  been :  (i)  the  very  thor¬ 
ough  epidemiological  studies  of  C.  E.  Smith  and 
his  co-workers  (29-32)  and  Palmer  et  al.  (21), 
using  coccidioidin  skin  hypersensitivity  in  man  to 
define  the  endemic  areas,  and  to  correlate  rainfall 
and  dry,  dusty  atmospheric  conditions  with  sea¬ 
sonal  morbidity  rates  (30);  (ii)  similar  studies  by 


Maddy  et  al.  (17,  18)  through  widespread  skin 
testing  of  home-grown  cattle;  (iii)  Hugenholtz’s 
study  of  the  optimal  climatic  factors  for  growth 
of  C.  immitis  in  the  soil  (12);  (iv)  (he  extensive 
soil  studies  by  Egeberg  (6,  7)  and  others  (8,  13, 
22),  associating  soil  types  and  salinity  of  the  soil 
at  various  seasons  with  optimal  growth  conditions 
for  C.  immitis-,  and  (v)  a  demonstration  of  the 
close  association  of  the  boundaries  of  the  Lower 
Sonoran  Life  Zone  (Fig.  3)  with  those  or  the 
known  endemic  areas  of  coccidioidomycosis,  bv 
Maddy  (17). 

These  investigators  have  suggested  that  ideal 
conditions  for  the  fungus  to  maintain  itself  in  the 
soil  include  an  arid  or  semiarid  climate,  hot  sum¬ 
mer  months,  mild  wir-er  temperatures,  light, 
slightly  alkaline,  uncultivated  soil  with  sparse  veg¬ 
etation,  and  3  to  2!J  inches  (13  to  31  cm)  of  annual 
rainfall.  They  postulate  that  the  hot  summer  tern 
peratures  sterilize  the  upper  4  to  6  inches  (10  to  1 5 
cm)  of  soil,  eliminating  all  competitive  organisms, 
and  leaving  this  layer  a  good  medium'for  growth  of 
C.  immitis  after  the  next  rainfall;  the  arthrospores 
from  this  growth  are  then  carried  off  by  wind  dur¬ 
ing  the  next  dry  spell. 

For  the  purpose  of  the  present  epidemiological 
study,  the  Tucson  area  in  southern  Arizona,  lying 
in  the  heart  of  the  endemic  area  for  coccidioido¬ 
mycosis,  was  chosen  as  the  exposure  site.  The  in- 
fectivity  for  man  in  this  area  (Fig.  4)  approaches 
70r«  in  long  time  residents,  and  for  cattle  is  closer 
to  80(7  (18).  The  facilities  of  the  College  of  Agri- 


V,n  .V).  1966 


EPIDEMIOLOGY  OF  COCCIDIOIDOMYCOSIS 


68 1 


Flo.  3.  Area  of  the  United  States  catered  by  the  Lower  Sonoran  Lift  Zone  i  17).  (Courtesy  of  Keith  T.  Maddy.) 


culture.  The  University  of  Arizona,  Tucson,  were 
made  available  for  the  project,  under  direction 
and  cooperation  of  tlte  Department  of  Animal 
Pathology. 

Physical  Set-up  op  Animal  Exposure  Sites 

Three  fenced-in  (chain-link)  areas,  approxi¬ 
mately  30  by  40  ft  in  size  and  approximately  100 
ft  apart,  were  constructed  in  a  shallow  arc  ar¬ 
rangement,  affording  each  enclosure  exposure  to 
the  prevailing  wind  (Fig.  5-7).  The  pens  were  lo¬ 
cated  at  the  University’s  Casa  Grande  Farm  in  the 
Santa  Cruz  River  basin  (a  venturi-like  geograph¬ 
ical  site,  the  local  hills  of  which  funnel  the  pre¬ 
vailing  wind  through  the  area).  This  farm  contains 
feed-lots  in  which  practically  all  cattle  imported 
from  nonendemic  areas  eventually  become  in¬ 
fected  with  C.  immitis  (19). 

In  each  of  the  three  enclosures  (Fig.  8),  eight 
mixed-breed  dogs  were  allowed  free  run  of  the 
area,  and  eight  monkeys  ( Mocaca  mulatto)  woe 
confined  in  open  cages  (Fig.  9)  approximately  26 


inches  (66  cm)  above  ground  level,  under  ap¬ 
propriate  shelter .  AU  animals  remained  at  the 
open  exposure  sites  for  a  period  exceeding  1  year, 
unless  they  became  infected  with  C.  immitis.  At 
the  animats  became  infected,  they  were  immedi¬ 
ately  removed  from  the  exposure  site  and  were 
replaced  with  reserve,  susceptible  animals. 

Procedures  for  Determination  op  Natural 
Infection 

Two  dogs  and  two  monkeys  from  each  expo¬ 
sure  pen  (one-fourth  of  the  population  of  each 
species)  were  subjected  to  coctidioidin  dermal 
sensitivity  tests,  agar-gel  immunodiffusion  precip¬ 
itin  tests  (24),  and  thoracic  radiographs  each 
week.  This  provided  a  population  observation 
turnover  once  every  4  weeks.  Each  time  an  infec¬ 
tion  was  noted,  tests  were  immediately  repeated 
on  all  animals.  In  addition,  all  animals  were  crit¬ 
ically  observed,  several  times  a  day,  for  clinical 
signs  of  infection. 
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*****  °f  drimna,  showing  tnftr tirity  (per  run)  for  man  [left)  u/ki  cattle  (right,  18).  ( Courtesy  of 
Keith  T.  Maddy.) 


Clinical  and  Laboratory  Observations  or 
Naturally  Infected  Animals 

A*  s>ch  infect kn  was  noted,  the  animal  in  ques¬ 
tion  was  immediately  removed  from  the  exposure 
site  and  placed  in  air-conditioned  quarters  at 
another  location  (The  University's  Campbell  Ave¬ 
nue  Farm,  noted  for  its  low  infectivity  rate;  R.  E 
Reed,  personal  communication)  to  lessen  the 
chance  of  further  exposure  to  the  organism.  It  re¬ 
mained  under  observation  until  the  termination  of 
the  study.  Changes  in  erythrocyte  sedimentation 
rate,  packed  cell  volume,  per  cent  hemoglobin, 
total  and  differential  leukocyte  count,  develop¬ 
ment  of  complement-fixation  antibodies,  and  im¬ 
munodiffusion  precipitin  titer  were  recorded 
weekly.  Rectal  temperatures  were  token  daily,  and 
thoracic  radiographs  were  made  at  4-week  inter¬ 
vals. 

Control  Animals 

Conti  ols  for  this  study  consisted  of  four  types. 

Ground  Controls 

Five  monkeys  were  caged  at  ground  level 
(physical  contact  with  the  soil)  for  6  months 
(June  to  December  1964)  of  the  1-year  period,  at 
one  of  the  exposure  sites,  to  equate  any  differences 
in  the  monkey  infection  rate  (housed  several  feet 


above  ground  level)  and  the  dog  infection  rale 
(having  free  access  to  the  soil). 

Environmental  Controls 

Uninfected,  susceptible  monkeys  and  dogs  were 
maintained  at  the  Campbell  Avenue  Farm  (where 
reserve  susceptible  animals  were  housed)  and  ex¬ 
amined  during  and  at  termination  of  the  study  to 
assure  that  the  naturally  infected  animals  were  not 
receiving  any  further  exposure  to  C.  immitls  after 
removal  from  the  exposure  sites  (Casa  Grande 
Farm). 

Experimentally  Infected  Controls 

Ten  monkeys  and  eight  dogs  were  inoculated 
intratracheally  with  10  or  100  C.  immitls  arthro- 
spores  from  a  culture  isolated  from  the  soil  of  the 
area  under  study.  These  animals  received  the  same 
clinical  and  laboratory  tests  as  the  naturally  in¬ 
fected  animals.  In  addition,  determinations  were 
made  each  week  of  serum  amylase,  scrum  glu¬ 
tamic-oxaloacetic  and  serum  glutamic-pyruvic 
transaminases,  total  serum  protein,  and  serum 
protein  fractions. 

Animals  from  Former  Experimental  Studies 

As  a  further  comparison  of  naturally  and  ex¬ 
perimentally  infected  animals,  similar  data  from 
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Flo.  3.  Photograph  of  the  Toe  too  ana.  Non  dot!  Hoad  visible  at  the  hate  of  the  momtaio. 


former  studies  (2,  4)  of  monkeys  exposed,  via  the 
respiratory  route,  to  aerosols  of  C.  immitls  arthro- 
spores  (10  to  10,000  organisms)  and  dogs  (R.  E. 
Reed,  personal  comnumicot  ion)  inoculated,  via  the 
intratracheal  route,  with  10  to  100,000  organisms 
were  assembled  for  use  at  termination  of  the  pres¬ 
ent  study. 

PATHOtXXiiCAL  STUDIES 

At  termination  of  the  study  (32  to  34  weeks), 
complete  necropsies  were  performed  on  all  of  the 
naturally  exposed  animals  (both  infected  and  non- 
infected)  and  all  of  the  controls.  Grow  pathology 
was  recorded  and  photographed;  the  lungs  and 
any  suspicious  lesions  were  examined  by  impres¬ 
sion  smears  for  presence  or  C.  immiiis  and  were 
cultured  on  Mycobiotk  agar  (Fisher  Scientific 
Co.,  Pittsburgh,  Pa.)  for  recovery  of  the  organ¬ 
ism;  tissues  for  histological  study  were  fixed  in 
10  r'<  buffered  formaldehyde,  impregnated  with 
paraffin,  serially  sectioned,  and  stained  with  the 
Giemsa  and  Gomori  silver  methenamine  stains. 


Geophysical  Studies 
Climatic  Factors 

Throughout  the  12-month  period  (October  1963 
to  October  1964),  continuous  wind  speed  and  di¬ 
rection  (anemograph)  and  relative  humidity  and 
temperature  (hygr ©thermograph)  recordings  were 
made.  Total  precipitation  was  measured  each  day. 

Soil  ami  AenMoktgical  Studies 

Soil  in  the  area  of  the  exposure  site  was  ana¬ 
lyzed  to  determine  percentages  of  sand,  silt,  clay, 
and  organic  content,  the  hydrogen  ion  content, 
and  both  qualitative  tnd  quantitative  analyses  of 
salinity  (Na,  Ca,  Mg,  K,  Cl,  SO„  CO,,  HCO,, 
etc  ),  in  addition,  four  to  eight  surface  and  sub¬ 
surface  soil  samples  were  collected,  bimonthly,  in 
and  around  the  exposure  pens.  These  were  plated 
directly  on  Mycobiotk  agar,  and  aqueous  sus¬ 
pension  (1:10  dilutions)  were  injected  intra nasally 
and  intra  peri  toneally  into  mice  (six  per  sample) 
for  recovery  of  C.  immiiis.  Mycobiotk  agir  plates 
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Fw.  6.  Aerial  photograph  of  Ike  Cojb  Grande  exposure  area.  The  three  exposure  sites  docatiim  of  pens)  are 
indicates/  by  arnm  s.  Note  dry  bed  of  Ike  Santa  Cm r  Hirer. 


were  exposed  to  the  atmosphere  each  day  Tor 
recovery  of  the  organism  from  the  air. 

Comparison  or  Meteorolooical  Data  from 

the  Present  and  Other  Ewdemkjuxjktal 
Studies 

The  meteorological  factors  (Table  l)  were  very 
similar  to  those  of  former  studies  in  the  same 
general  region  (South  Central  Arizona).  Maddy 
(17)  and  Hugenholu  (12),  after  analyses  of 
weather  data  covering  periods  or  10  to  20  yean 
in  several  locations  in  South  Central  Arizona,  re¬ 
ported  mean  July  temperatures  of  80  to  90  F 
(26.7  to  32-2  C),  compared  with  88  F  for  the  pres¬ 
ent  study.  Their  mean  maximal  and  peak  tem¬ 
peratures  were  recorded  as  103  and  110  F,  respec¬ 
tively,  compared  with  101  and  110  F  in  our  study. 
Mean  January  temperatures  of  50  to  55  F  in  the 
former  studies  were  slightly  higher  than  the  47  F 
mean  temperature  at  Casa  Grande  Farm.  The 
average  yearly  rainfall  of  9  inches  reported  by 
Maddy,  and  6  to  10  inches  by  Hugenhol'i,  was 
somewhat  less  than  the  12.5  inches  we  recorded. 


Thv  only  climatic  factors  that  might  have  affected 
this  study  adversely  were  mean  winter  tempera¬ 
tures  about  10  degrees  below  normal  (from  Janu¬ 
ary  on),  with  a  very  late,  cold  spring  and  an  ex¬ 
cessive  amount  of  rainfall  during  August  and 
September  (total  of  9  inchest. 

Recovery  of  C.  isnems  from  Aw  and  Soil 

Prevailing  winds  throughout  the  area  were  not 
very  consistent  during  this  study.  Wind  direction 
varied  greatly,  but  analysis  of  the  anemograph 
data  indicated  that  most  wind  came  from  the  west, 
through  the  north  quadrant,  rather  than  from 
the  south  through  west  as  expected.  Wind  speeds 
sometimes  as  high  as  34  mph  were  recorded.  All 
attempts  to  isolate  C.  immiiis  from  the  air  met 
with  failure;  however,  two  soil  samples  collected 
in  August  1964  and  two  in  October  1964  were 
positive  for  the  fungus.  The  animal  exposure  area 
was  well  bracketed  by  these  four  positive  soil 
samples  (Fig.  10) ;  one  was  actually  collected  from 
within  exposure  pen  3. 
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Seasonal  Moreidity  of  Monkeys  and  Dogs 
Five  of  34  monkeys  and  29  of  30  dogs  became 
infected  with  C.  immitis  during  the  12  months 
(Fig.  II).  The  majority  of  these  infections  (20  of 


the  29  infected  dogs  and  all  3  of  the  infected  mon¬ 
keys)  were  diagnosed  during  the  cck  ,’;r  months  of 
Nu»cmoer  through  March.  Infections  in  an  addi¬ 
tional  group  of  seven  dogs  and  one  monkey  were 


FlO.  7.  Ground  tie*  of  ike  same  urea  as  ia  Fig.  t.  Not*  Soma  Crus  Ufarr  meandering  throng*  center  of pkata- 
graph  and  exposure  pm  in  upper  left,  near  kotitan. 


Fw-  8.  View  of  on r  of  the  three  exposure  pm.  Tkt  solid-appearing  structure  extending  op  the  fence  from  Ike 
grvuml  is  made  of  loutered  aluminum,  and  permits  ike  entry  of  wind  and  dust.  The  roofed  structure  visible  inside 
tkt  fmer  is  Ike  monkey  shelter. 
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Fm.  9.  Close- up  vie*’  of  the  monkey  shelter.  The  battery  consists  of  four  rwjp-j  i  homing  two  monkeys  each), 
completely  open  on  font  sides  urn!  partially  open  an  a  fifth  side.  Note  one  of  thr  oil-drum  dog  shelters  In  the  hack- 
praam!.  The  dogs  hare  free  nm  of  the  fenced-in  area  (J0  by  40  ft). 


Tasu  I  Comparison  of  weather  conditions  In  three 
epidemiological  studies 


Obwralina 
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per  a  lure 
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Peak  temperature 

110 

110 
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temperature 
Minimum  tarn- 

50 

50-55 

47 

per a lure 

14 

Rainfall  (inches 

per  year) 

5-20 
(Avg  9) 

6-10 

12.5 

classed  as  equivocal.  These  eight  animals  may 
have  received  an  exceedingly  small  exposure  to  the 
fungus.  In  these  instances,  however,  either  an 
equivocal  dermal  sensitivity  was  never  corrobor 
ated  h>  serological  or  histological  reactions,  or 


else  the  serological  titers  were  very  low  and  in¬ 
consistent.  Seven  of  these  eight  questionable  in¬ 
fections  also  occurred  from  November  to  March  ; 
the  other,  in  one  of  the  five  monkeys  housed  at 
ground  level  and  having  access  to  the  soil,  was 
noted  in  October  1964 

Pathogenesis  in  Monkeys 
Natural  Infections 

Only  three  of  the  five  naturally  infected  mon¬ 
keys  developed  precipitin  liters,  although  all  live 
eventually  became  complement  fixation  (CF)- 
positive  (Table  2).  Only  two  monkeys  exhibited 
histological  lung  changes  indicative  of  coccidioi¬ 
domycosis;  these  were  very  minor.  Lung  cultures 
of  all  monkeys  were  negative  for  C.  Immitis.  The 
five  infected  monkeys  remained  in  apparent  good 
health  (hiring  the  12-month  period,  showing  no 
clinical  signs  of  disease;  their  serological  titers 
(both  precipitin  and  CF)  were  comparatively  low 
(mean  maximum  of  1 :8,  with  a  range  of  negative 
to  1:64);  very  little  evidence  of  infection  was 
noted  in  X-ray  studies. 
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ue  circled).  Sort  brwckfiby  of  rxpoenre  yens  by  tbr  poditre  mmylti  (one  coMrcted  from  within  yen  mo  J) 


Comparmthe  Pathogenesis  of  NataraUy  Infected 
and  Imlratrachraily  Imoc  minted  Control 
Monkeys 

Table  3  indicates  that  the  10  monkeys  experi¬ 
mentally  infected  via  the  intratracheal  route  with 
10  C.  immitis  arthraapom  developed  more  serious 
infections  than  the  five  monkeys  that  became  in¬ 
fected  through  natural  exposure.  All  animals  in 
the  inoculated  group  developed  precipitin  titers, 
compared  with  only  60%  of  those  infected  natur¬ 
ally.  Although  the  mean  titer  was  the  tame  (1  :8) 
in  both  groups,  no  precipitin  dam  were  available 
for  the  three  inoculated  monkeys  with  the  most 
extensive  infections.  Such  data  should  have  sub¬ 
stantially  increased  the  mean  titer  of  the  inocu¬ 
lated  group. 

Of  the  inoculated  group,  40%  were  clinically 
ill,  as  indicated  by  weight  km,  listlessnees,  and 
coughing.  This  included  one  animal  that  died  from 
the  infection  24  days  after  inoculation  and  two 
animals  that,  upon  autopsy,  were  judged  unable 
to  have  survived.  All  animals  in  the  naturally  ex¬ 
posed  group  were  considered  to  have  subclimcal 
infections 


Upon  autopsy,  80%  of  the  inoculated  monkeys 
exhibited  histological  changes  in  the  bag  indica¬ 
tive  of  coccidioidomycosis,  including  presence  of 
the  organism,  compared  with  only  40%  of  those 
developing  natural  infections.  The  fungus  was  re¬ 
covered  from  60%  of  the  lung  cultural  from  ani¬ 
mate  in  the  former  group,  but  all  cultures  horn 
the  latter  group  were  negative.  Fir  ires  12  and  13 
graphically  illustrate  the  more  extensive  lung  in¬ 
volvement  in  the  inoculated  group. 

Comparative  Patktgemesu  of  SnmroHy  Exposed 
Monkeys  and  of  Monkeys  from  Former 
Experiments  Receiving  Respiratory 
CkoHenges  by  Inhalation  of  C. 

Immitis  Aerosol t 

Again,  as  indicated  by  data  in  Table  4,  less 
severe  disease  was  noted  in  monkeys  developing 
natural  infections  than  in  thoae  infected  experi¬ 
mentally.  Monkeys  in  several  former  studies,  re¬ 
ceiving  calculated  inhaled  doses  of  from  10  to 
300  arthrospores.  developed  mean  serological 
tilers  ranging  from  1:128  to  1:312,  respectively, 
compared  with  ■  mean  of  1 :8  exhibited  by  the 
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F».  II.  Cwu  hoicked  bar  tndtratrs  nUnfuii  M  Inches,  solid  bar, 
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parrmhrsat  taprasrai  per  crai  rrlatbrr  humidity  at  iba  lemprrutnrr  Imbcaled.  Tbr  open  arras  shown  at  tbr  top  of 
serrrol  of  tbr  solid  ban  Indicate  suspected  Infer  Horn  tbai  »w  ntrrr  ntbsrgmrnllr  promt 


Tabu  2.  Natural  infections  in  monkeys  and  dags 


No  N. 

.  i  X*  No.  ib»l«|  with 

1  No  ••-  X*  i*.  with  with  hUtw-  o*ili\  t 

■Mid  hcthl  IMtttv*  IMltlW,  Mh»  hMW 

•hi*  t**t  «•*»*}'  sa|k»l  r»(- 


Monkey!  34 
Dot  i  30 

•  Very  minor. 


3  J 
30  22 


naturally  exposed  animals  in  this  study.  More 
over,  ■  mortality  of  30  to  40'  i  in  the  former 
studies  contrasted  to  the  lack  of  mortality  in 
naturally  exposed  animals  in  the  present  study. 

Pathoci  nub  in  Doqs 
Natural  Infections 

The  extent  of  the  disease,  as  well  as  the  infec 
tion  rate,  was  much  greater  in  the  naturally  ex 
posed  dogs  than  in  the  naturally  exposed  monkeys 
(Tabic  2)  Of  the  29  naturally  infected  dogs,  20 
developed  dermal  hypersensitivity  to  coccrdiotdin, 
and  22  exhibited  positive  serological  titers  (21  of 
these  22  were  positive  for  both  the  precipitin  and 


CF  taau).  Upon  autopsy,  II  showed  histological 
lung  changes  due  to  C  immitis  In  three  instances, 
C.  bnmliis  was  isolated  from  the  lungs  by  culture. 
In  4  of  the  29  infections,  the  disease  was  diag- 
nossd  by  histological  methods  alone,  since  all 
clinical  and  laboratory  tests  on  these  four  animals 
were  negative. 

The  majority  of  the  2^  infected  dogs  remained 
healthy  in  appearance  throughout  the  obaerva- 
tion  period.  Of  the  29. 7  exhibited  clinical  signs  of 
illnem  (weight  km.  listlcssncss.  and  coughing), 
but  these  appeared  to  have  recovered  before  the 
end  of  the  experiment.  From  this  standpoint,  the 
remaining  22  infected  dogs  could  be  classed  as 
subclinical  cases  of  the  disease 

Comparative  Pathogenesis  of  Naturally  Infected 

nod  ItUratraebtaUy  Im'cabtted  Control  Dogs 

In  contrast  to  the  findings  fa  monkeys,  the 
disease  was  more  extensive  in  dogs  infected  by 
natural  exposure  (Kan  in  those  inoculated  intra 
tnuheally  (Table  S).  None  of  the  dogs  in  the 
inocubued  groups  (10  or  100  arthrospores)  de¬ 
veloped  precipitin  titers,  compered  with  73*7  of 
those  infected  naturally  (mean  liter  of  1 : 16,  with 
a  range  of  negative  to  1 : 312).  The  majority  of  the 
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Fig.  13.  Comparative  histological  sections  of  naturally  infected  (top)  and  experimentally  infected  ( bottom ) 
monkeys.  Note  particularly  the  lung  tissue  ( comparatively  normal  appear  ng  in  the  naturally  infected  monkeys,  as 
compared  with  the  large  areas  of  consolidated  lesions  In  anlmJs  inocu/att.  intralracheally  with  10  arthrospores) . 


animals  in  all  three  groups  eventually  developed 
CF  titers;  however,  liters  for  the  inoculated  groups 
were  negligible  (possibly  equivocal)  compared 
with  a  mean  titer  of  1 :8  and  a  range  of  negative 
to  1 :256  in  the  naturally  infected  group.  Clinical 
signs  of  illness  were  evident  only  in  the  naturally 
i\._cted  group  (approximately  25%),  tut  these 
were  relatively  mild. 

Upon  autopsy  at  termination  oi  the  observa¬ 
tion  period,  C.  immitis  was  not  isolated  by  culture 
from  the  lung  of  any  of  the  inoculated  dogs,  but 
was  found  in  the  lungs  of  3  of  the  29  dogs  infected 
by  natural  exposure.  Of  the  inoculated  dogs,  38% 
exhibit'd  histological  changes  in  the  lung  indica¬ 
tive  of  coccidioidomycosis,  compared  with  62% 
of  those  exposed  naturally.  Although  not  too 
much  difference  was  noted  on  X-ray  examination 
of  inocub  -d  and  naturally  exposed  dogs  (mainly 
pulmonary  lymphadenopathy  in  both  groups), 
Fig.  14  illustrates  graphically  the  difference  in 
histological  changes  in  the  lungs  of  the  two 
groups.  Although  the  disease  in  naturally  intected 


dogs  was  more  extensive  than  that  in  naturally 
infected  monkeys,  the  29  dog  infections  were  con 
sidered  to  be  relatively  mild  illnesses. 

Comparative  Pathogenesis  of  Naturally  Exposed 
Dogs  and  of  Dogs  in  Former  Studies  Receiving 
Intratracheal  Inoculations  of  C.  immitis 

In  former  studies  (R.  E.  Reed,  personal  com¬ 
munication)  of  pathogenesis  of  coccidioidomycosis 
in  dogs,  approximately  100  animals  of  various 
age  groups  (from  6  weeks  to  6  months)  were  given 
intratracheal  inoculations  of  graded  doses  (from 
10  to  100,000)  of  C.  immitis  arthrospores.  Unfor¬ 
tunately,  no  serological  data  are  available  on  these 
dogs,  but  it  may  be  seen  in  Table  4  that  inocula¬ 
tion  of  10  or  100  arthrospores  resulted  in  10  or 
20%  mortality,  respectively,  as  compared  with  no 
mortality  in  the  29  naturally  infected  dogs. 

Environmental  Controls 

There  was  no  clinical,  serological,  radiological, 
histological,  or  cultural  evidence  of  coccidioido- 
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Table  4.  Comparison  of  naturally  exposed  Infected  animals  with  experimentally  Infected  animals 
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*  Numbers  refer  to  aerosol  arthrospore  dose  (experimental;  references  4,  14).  These  data  represent 
a  total  of  30  monkeys,  at  $  to  10  monkeys  per  dose  group. 

*  Immunodiffusion  prccioitin  test.  Numbers  in  parentheses  indicate  spread. 

*  Numbers  refer  to  intratracheal  arthrospore  dose  (R.  E.  Reed,  persona I  communication). 

4  Test  not  made. 


Table  3.  Comparison  of  naturally  and  experimentally  Infected  dogs 
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mycosis  in  any  of  the  monkeys  or  dogs  maintained 
at  the  Campbell  Avenue  holding  area  as  environ¬ 
mental  control  animals. 

Discussion  and  Conclusions 

Previous  epidemiological  studies  (12,  17,  31) 
have  covered  longer  periods  of  time  (10  to  20 
years)  and  have  included  many  more  infections 
than  the  present  study.  These  factors  would  tend 
to  smooth  out  any  inconsistencies,  such  as  those 
possibly  caused  by  freak  weather  conditions  af¬ 
fecting  growth  of  the  fungus  in  the  soil,  or  its 
dispersal  by  the  wind,  during  any  one  year.  Most 
observers  have  reported  two  peaks  in  the  human 


infectivity  rate  for  coccidioidomycosis:  one  during 
the  hot,  dry  summer  months,  and  another  occur¬ 
ring  in  late  fall  to  early  winter.  The  lack  of  a  sum¬ 
mer  infectivity  peak  in  this  study  may  have  been 
due  to  the  unusual  amount  of  rainfall  during 
July,  August,  and  September  1964  (73%  of  the 
total  for  the  year:  Fig.  11).  This  period  was  noted 
for  the  frequency  of  rains,  lack  of  drying  between 
precipitation,  wet,  packed  soil,  and  lush  growth 
of  weeds,  all  of  which  would  discourage  dis¬ 
semination  of  the  fungus  by  the  wind. 

The  peaks  in  the  infectivity  rates  for  both 
species  of  animals  in  the  present  study  were  con¬ 
sistent  in  that  all  of  the  monkey  infections,  and 


Fig.  14.  Comparaiite  histological  lung  Mellons  of  naturally  infected  (lop)  und  experimentally  infected  ( bottom ) 
dogs.  The  first  two  sections  oil  the  left  ( bottom  row)  received  100  arthraspore  Intratracheal  inoculations;  the  next 
two,  10  arthrospores;  and  the  section  at  the  extreme  bottom,  right,  was  from  an  uninotuluted  control  dog.  Note 
visible  lung  lesions  in  all  naturally  infected  animals,  and  in  only  one  of  the  four  inoculated  dogs  shown  here. 

20  of  the  29  dog  infections,  were  diagnosed  from  air  sampler”)  of  the  human  infectious  dose  than 
November  to  March.  Although  the  inf  activity  the  dog,  because,  being  housed  several  feet  above 
rate  was  much  higher  for  dogs  than  for  monkeys,  ground  level,  the  monkeys  undoubtedly  became 
this  undoubtedly  was  the  result  of  their  free  run  infected  by  normal  airborne  arthrospores  rather 
of  the  exposure  pens  (direct  contact  with  the  soil),  than  from  close  contact  of  the  nose  with  the  soil, 
thetr  habit  of  fighting  among  themselves,  and  However,  an  analogy  in  man  to  dog  infcctivity 
their  constant  digging  (sometimes  burrowing  as  higher  than  that  of  the  monkey  might  help  to 
much  as  1  ft  in  the  ground) ;  all  of  these  tended  explain  the  more  severe  disease  found  in  ground- 
to  stir  up  the  dust  and  to  uncover  the  fungus  construction  workers  and  people  engaged  in  agri- 
during  the  seasons  when  it  would  be  expected  to  cultural  pursuits  (10).  who  also  turn  over  the  soil 
be  6  to  12  inches  below  the  surface  of  the  ground  and  stir  up  large  amounts  of  dust  in  their  daily 
(8).  Infection  of  dogs  from  contact  with  the  soil  occupations.  Possibly  man  also  contributes  to  the 
was  further  indicated  by  the  infcctivity  pattern;  peak  infectivity  period  shown  in  human  infections 
19  of  the  29  dog  infections  occurred  in  pen  3,  the  during  the  summer  months  by  his  outdoor  recrea- 
remaining  10  were  divided  between  pens  1  and  2.  tional  activities,  Rich  as  hiking,  picnicking,  dig- 
Not  only  has  it  been  pointed  out  before  that  ging  for  fossils,  etc.  (27). 
growth  of  C.  immitis  in  the  soil  is  spotty  rather  In  analyzing  the  present  study,  we  must  not 
than  universal,  even  in  heavily  endemic  areas  (8),  lose  sight  of  the  fact  that  virulence  differs  among 
but  also  one  of  the  few  positive  soil  samples  (Fig.  various  strains  of  C.  immitis  (11,1  la),  and  also 
10)  in  this  study  was  collected  from  within  pen  3.  that  the  natural  infections  in  the  monkeys  and 
For  the  purpose  of  this  sti*dy,  the  monkey  was  dogs  may  liave  resulted  from  repeated  exposure 
considered  a  more  valid  indicator  (‘‘biological  to  extremely  small  doses  (one  to  two  arthro- 
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spores)  before  being  delected  by  dermal  sensitivity 
or  serology,  thereby  building  up  a  certain  amount 
of  immunity.  However,  a  presumption  that  the 
infections  originated  from  large  doses  of  arthro- 
spores  of  low  virulence,  would  not  be  in  accord 
with  the  extreme  difficulty  in  isolating  the  organ¬ 
ism  from  the  air,  since  low  virulence  and  low 
viability  are  not  synonymous,  and  the  presence 
of  large  numbers  of  arthros pores  in  the  at¬ 
mosphere  should  have  been  indicated  by  air 
sampling. 

The  authors  realize,  fully,  the  limitations  of  an 
experimental  epidemiological  study  of  this  type, 
but  considering  the  marked  difference*  in  histo- 
pathology,  the  lack  of  mortality  in  either  species, 
and  the  fact  that  clinical  signs  of  illness  were 
lacking  in  the  monkey  (an  extremely  susceptible 
animal)  and  were  relatively  mild  in  the  few  dogs 
that  exhibited  them,  we  feel  that  the  naturally 
acquired  disease  in  these  animals  resulted  from 
very  small  infectious  doses;  10  or  fewer  arthro- 
spores  in  the  monkeys,  and  from  10  to  more  than 
100  arthros  pores  in  the  dogs,  although  the  in¬ 
dividual  dose  range  received  was  probably  much 
greater  in  the  dogs  than  in  the  monkeys. 

The  pattern  of  infections  in  the  monkeys,  dogs, 
and  in  man  might  well  be  compared:  (i)  there  are 
large  percentages  of  subclinical  or  asymptomatic 
infections  in  all  three  species  (70%  of  the  infected 
dogs,  100%  of  the  infected  monkeys,  and  60%  of 
infected  human  subjects);  and  (ii)  the  more 
severely  affected  dogs  are  analogous  to  the  more 
severely  affected  construction  and  agricultural 
workers,  since  they  all  actively  stir  up  the  dust 
during  their  daily  existence,  whereas  the  less 
severely  affected  monkeys  might  be  compared 
with  the  average  human  infections. 
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Discussion 

MICHAEL  L.  FURCOLOW 
University  of  Kentucky,  Lexington,  Kentucky 


The  preceding  papa1  reveals  the  difficulties  of 
field  experiments  in  contrast  to  experiments  con¬ 
ducted  in  the  Is  bora  lory.  The  authors  have  con¬ 
structed  an  experimental  exposure  chamber  in  the 
open  to  look  for  natural  infections  in  a  highly 
endemic  area  in  Arizona.  Their  experimental  de¬ 
sign  was  quite  satisfactory,  although  one  could 
suggest  they  might  possibly  have  used  cynomol- 
ogous  monkeys  rather  than  mulatto.  Their  pre¬ 
vious  experiences  with  the  mulatto,  however,  does 
indicate  its  sensitivity  to  infection. 

Having  set  up  this  natural  infection  experiment, 
the  authors  awaited  the  infections.  It  turned  out 
that  15' t  of  the  monkeys  and  58  Ci  of  the  dogs 


were  infected  during  the  course  of  1  year.  Un¬ 
fortunately,  the  year  encompassed  a  year  of 
exceptionally  heavy  rainfall,  during  which  12.5 
inches  fell,  an  amount  much  higher  than  that 
customary  in  the  area  (6  to  10  inches).  They 
found  the  expected  number  of  infections  in  the 
early  part  of  the  year,  but  there  were  very  few 
infections  in  the  latter  part  of  the  year,  during 
which  the  heavy  rainfall  occurred.  If  the  observa¬ 
tions  had  continued  for  another  year,  it  is  quite 
probable  that  after  the  period  of  heavy  rainfall 
they  would  have  encountered  a  period  of  heavy 
infection. 

On  the  whole,  one  is  inclined  to  think  that  the 
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authon'  data  are  perhaps  more  tatisfectory  than 
they  claim.  Since,  for  the  ana  studied,  Hugen- 
holtt  had  reported  (2)  a  yearly  infection  rate  of 
5.4' r  and  an  illness  rate  of  2  to  3  per  1,000  popu¬ 
lation,  me  should  not  be  at  all  discouraged  by 
finding  that  almost  13%  of  the  monkeys  wen 
infected  and  more  than  half  of  the  dogs.  The  re¬ 
sults,  therefore,  would  indicate  that  the  area  in 
which  they  were  working  was  exceptionally 
heavily  infected  and  that  the  results  were  quite  in 
line  with  those  expected  from  the  conditions  of 
the  experiment. 

The  observations  on  the  serological  and  clinical 
response  of  the  infected  animals  do  suggest  low 
dosage  infection.  None  of  the  5  monkeys  and  only 
3  of  the  29  dogs  showed  positive  cultures  at 
autopsy. 

Perhaps  it  would  be  well  to  consider  separately 
the  results  of  the  exposure  in  monkeys  and  in 
dogs.  The  clinical  picture  found  in  the  monkeys 
which  became  infected  after  natural  exposure  was 
less  severe  than  that  of  animals  infected  artificially 
with  10  organisms.  On  the  other  hand,  experi¬ 
mentally  infected  animals  showed  a  higher 
mortality  and  higher  antibody  titers. 

With  dogs,  the  frequency  of  clinical  symptoms 
was  higher,  as  were  positive  cultural  and  histo¬ 
logic  findings,  among  the  naturally  infected  ani¬ 
mals  than  among  those  artificially  infected.  This 
is  probably  to  be  expected,  inasmuch  as  the  dogs 
were  allowed  to  roam  free  and  dig  in  the  soil, 
which  would  probably  mean  they  would  secure 
heavier  exposure. 

It  is  interesting  to  note  that,  although  no  illness 
occurred  among  the  infected  monkeys,  35%  of 
the  infected  dogs  had  illness;  this  agrees  very  well 
with  the  observations  made  by  Smith  et  al.  (3) 
among  naturally  infected  man. 

When  one  considers  the  wards  fell  of  acute 
coccidioidomycosis  in  the  air  bases  at  Arizona, 
one  would  expect  that  large  numbers  of  naturally 
exposed  animals  would  develop  infection  and 
illness.  One  is,  therefore,  somewhat  disappointed 
until  one  considers  that  the  large  numbers  of  cases 
reported  by  Hugenholtz  (2)  really  represent  a  low 
infection  rate  per  1,000  persons  stationed  at  the 
base,  since  fewer  than  3  per  1,000  population  were 
admitted  to  the  hospital  during  any  one  month. 

When  one  considers  again  the  clinical  implica¬ 
tions  of  this  work,  one  is  struck  by  the  lack  of 
severity  of  disease  in  the  monkeys  and  dogs  versus 
man.  This  must  be  related  to  dosage,  since  there 


is  evidence  that  both  dogi  and  monkeys  do 
develop  severe  disease  after  experimental  infec¬ 
tion.  If  one  recalls  the  high  frequency  of  severe 
clinical  disease  reported  in  the  epidemics  of 
coccithoidomycosis  where  exposure  was  known 
to  be  heavy,  one  is  forced  to  conclude  that  clinical 
severity  reflects  in  pert  at  least  heavy  dosage  of 
fungi.  This  is  supported  by  the  fact  that  the  dogs, 
which  had  closer  confect  with  the  soil,  had  higher 
infection  rafes  and  more  severe  disease  than  the 
monkeys  whose  cages  were  elevated  off  the 
ground.  A  correlary  of  this  observation  would 
appear  to  be  that  the  exposures  in  the  Army  per¬ 
sonnel  who  became  ill  must  of  necessity  have  been 
heavy.  Similar  relationship  of  degree  of  exposure 
to  degree  of  illness  has  been  reported  in  histo¬ 
plasmosis  epidemics. 

Still  another  factor  is  the  difference  in  rHnjeei 
symptoms  related  to  the  age  of  the  individual  at 
the  time  of  infection.  This  is  still  largely  an  un¬ 
known  factor  and  was  not  explored  in  theee  trials. 

Finally,  one  comes  to  the  contribution  of  these 
studies  to  the  basic  epidemiological  question  as 
to  where  one  does  get  infected  with  CoccUtokkM. 
Is  it  by  walking  down  the  streets  of  Phoenix  or 
Tucson  or  Bakersfield  and  inhaling  the  air,  or  it 
it  necessary  to  go  to  a  point  source  where  the 
organisms  are  growing  and  stir  up  an  aaroaol 
there?  At  moat  of  you  know,  the  evidence  in 
histoplasmosis  points  to  point  source  visits  as  the 
mechanism  of  infection.  The  studies  reported  here 
suggest  thet  this  mechanism  is  also  operative  in 
coccidioidomycosis  and  that  the  animals  were  in¬ 
fected  from  the  local  focus.  This  is  supported  by 
the  soil  isolations  which  were  made  in  the  cage 
area.  There  data,  therefore,  support  the  “local 
focus  '  theory  of  infection  rather  darn  the  "gen¬ 
eralized  windblown"  theory. 
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US.  Army  BMogkol  Labormiortet, 

Modern  reviews  on  microbial  aerosols  and 
airborne  infection  were  initiated  by  the  publica¬ 
tion  of  the  monograph.  “ Aerobiology in  1942, 
by  the  American  Association  for  the  Ad¬ 
vancement  of  Science  (1).  in  the  following  decade, 
William  F.  Wells  summarised  hit  life-long  in¬ 
vestigations  of  these  topics  in  an  important 
volume  (6).  Some  6  years  later,  his  pupil,  Richard 
Riley,  and  Francis  O’Grady  reconsidered  the 
problems  of  the  transmission  of  respiratory  in¬ 
fection  (5). 

These  publics  lions,  and  the  numerous  studies 
during  that  same  period  of  the  pulmonary  deposi¬ 
tion  and  retention  of  inhaled  aerosols  (2),  pro¬ 
vided  a  much  firmer  foundation  than  existed 
previously  for  the  experimental  investigation  of 
airborne  infection  and  the  interpretation  of  the 
ruuhant  observations.  In  addition,  there  have 
been  extensive  advances  during  the  past  two  dec¬ 
ades  in  the  apparatus  and  techniques  for  quantita¬ 
tive  experimentation  in  theee  Acids. 

A  consequence  of  these  improvements  has  been 
the  emergence  or  a  wealth  of  novel  information 
on  many  aspects  of  aerobiology,  and  the  need  for 
periodic  reassessments  of  our  progress,  both  ex¬ 
perimental  and  interpretive.  To  meet  this  need,  a 
series  of  conferences  has  been  organized — the 
first  held  at  Miami  Beach  in  I960  under  the  spon¬ 
sorship  of  the  National  Academy  of  Sciences  (3), 
the  second  held  in  Berkeley  in  1963  under  the 
sponsorship  of  the  Office  of  Naval  Research  and 
the  Naval  Biological  Laboratory  (4),  and  the 
present  meeting  being  sponsored  by  the  Illinois 
Institute  of  Technology  Research  Institute  and 
the  U.S.  Army  Biological  Laboratories. 

The  presentations  at  this  year’s  conference  el- 
reedy  have  been  thoroughly  discussed  by  experts. 
It  is  not  our  intention,  in  these  concluding  re¬ 
marks,  to  review  again,  in  detail,  the  findings 
reported  by  each  of  the  speakers.  Instead,  we  will 
try  to  focus  attention  on  some  of  the  broad  sub¬ 
divisions  of  our  overall  theme. 

The  proceedings  of  previous  conferences  in 
this  field,  as  well  as  several  individual  scientific 
publications,  have  provided  information  on 
equipment  and  techniques  for  the  generation, 
containment,  and  quantitative  characterization  of 
microbial  aerosols.  These  are  at  present  suf¬ 
ficiently  reliable  that  aerosols  can  be  formed  re- 
producibly  with  a  content  of  infectious  organisms 
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as  dilute  as  1  to  10  cells  per  liter.  Thus,  with  one 
exception,  experimental  equipment,  per  se,  has  not 
been  a  topic  in  this  year’s  conference  program. 
The  exception  is  the  subject  of  sampling.  A  nota¬ 
ble  deficiency  in  the  past  has  been  the  absence  of 
dependable,  high-volume  samplers  for  determin¬ 
ing  the  organisms  suspended  in  the  air  of  hospital 
rooms,  barracks,  school  rooms,  etc.  In  these  en¬ 
vironments,  transmission  of  infection  is  fre¬ 
quently  observed,  but  the  role  of  the  airborne 
route  is  still  questioned.  The  overall  problem  of 
the  epidemiology  of  airborne  staphylococcal  in¬ 
fection  in  hospitals  has  been  thoughtfully  re¬ 
viewed  by  Williams.  May,  Perkins,  and  Gerone. 
in  their  individual  papers,  have  provided  evidence 
that  improved  high-volume  air  samplers  are 
practical.  Future  improvements  in  design  and 
aditiona!  experience  in  the  use  of  such  samplers 
will  make  substantial  contributions  to  forth¬ 
coming  studies  of  the  transmission  of  infection 
in  environments  where  the  aerial  content  of  or- 
ganisms  is  quite  low. 

The  impact  of  physical  and  chemical  stresses  on 
microbial  aerosols  has  been  discussed  separately 
by  Zen  user  and  by  Hatch.  It  is  amply  apparent 
from  these  reports,  as  well  as  several  on  the  same 
topic  in  earbar  conferences,  that  microbial  aero¬ 
sols  are  quite  sensitive  to  changes  in  their  water 
content,  i-e.,  dehydration  or  rehydration,  and 
alterations  in  the  gaseous  composition  and  tem¬ 
perature  of  their  environment.  Despite  the 
propets  nude  in  these  studies,  it  is  not  presently 
possible  to  formulate  a  theory  which  will  permit 
the  prediction  and  understanding  of  the  changes 
in  viability  and  infectivity  such  aerosols  undergo 
when  subjected  to  alterations  in  their  environ¬ 
ment. 

The  physical  and  physiological  features  of  the 
respiratory  tract  have  been  reviewed  by  Proctor, 
Kass,  Dalhamn,  and  Rytander.  Proctor’s  develop¬ 
ment  of  novel  techniques  for  measuring  the  air 
flow  in  the  nasal  passages  gives  promise  of  pro¬ 
viding  information  of  considerable  value  in 
studies  of  air  pollution,  as  well  as  of  the  airborne 
transmission  of  infection.  The  clearance  mecha¬ 
nisms  of  the  respiratory  system  are  often  circum¬ 
vented  in  experimental  studies  where  highly  infec¬ 
tious  organisms  are  administered  to  the  hoot,  in 
dilute  form  and  as  micron-sized  particles.  Under 
natural  circumstances,  the  role  of  the  respiratory 
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tract  at  a  portal  of  an  try  for  airborne  infectious 
organisms  is  probably  influenced  to  a  significant 
extent  by  these  mechanism. 

The  resistance  of  the  host  to  infection  may  be 
significantly  altered  by  metabolic  disorders,  de¬ 
bilitation,  extensive  surgery,  immunosuppressive 
or  radiation  therapy,  etc.  This  altered  resistance 
may  play  an  important  role  in  the  epidemiology 
of  hospital-acquired  infections,  which  William 
has  discussed-  The  so-called  normal  individual 
my  also  be  subjected  to  environmental  stresses, 
such  as  the  inhalation  of  air  pollutants.  Ehrlich 
has  demonstrated  an  alteration  in  susceptibility  to 
airborne  infection  of  the  mouse,  when  exposed  to 
small  amounts  of  nitrogen  dioxide.  It  is  too  soon 
to  comment  on  the  relationship  of  these  experi¬ 
mental  observations  to  public  health  problems 
of  man. 

St  slaw,  Hearn,  and  Miller,  in  individual 
presentations,  have  provided  considerable  addi¬ 
tional  evidence  for  the  susceptibility  of  laboratory 
animals  to  infection  by  inhalation  of  acroaoh  of 
viruses  or  nckettsiac  that,  in  nature,  are  trans¬ 
mitted  by  insect  vectors.  Saalaw  has  made  a  par¬ 
ticularly  thorough  study  of  Rocky  Mountain 
spotted  fever  in  the  monkey  end  has  demon¬ 
strated  the  similarities  in  the  disease  induced 
through  the  respiratory  portal  of  entry  to  the 
naturally  occurring  disease. 

Aerogenic  immunization  is  a  commonly  used 
technique  in  poultry  husbandry,  but  has  not  been 
sufficiently  well  evaluated,  thus  far,  to  receive 
general  acceptance  in  human  medicine.  Two 
studies  have  been  reported  at  this  conference, 
that  of  Yamashiroya  using  tetanus  toxoid  and 
that  of  Homkk  using  a  live  tularemia  vaccine. 
The  latter  investigation  is  particularly  note¬ 
worthy,  since  it  has  been  possible  to  use  both  ex¬ 
perimental  animils  and  human  volunteers  as  sub¬ 
jects,  and  to  evaluate  immunization  by  direct 
challenge  with  fully  virulent  organisms.  Further 
work  will  be  required  to  determine  the  relative 
merit  of  the  aerogenic  as  compared  with  more 
conventional  modes  of  vaccine  administration.  In 
addition,  careful  consideration  should  be  given  to 
defining  the  medical  and  physical  conditions 
which  would  contraindicate  use  of  the  aerogenic 
technique. 

There  are  a  number  of  infectious  diseases 
whose  airborne  characteristics  can  be  studied  only 
in  laboratory  animals.  Investigations  in  man  are 
;  ecluded,  since  adequate  means  of  control  of  the 
disease  are  not  available.  The  present  conference 
has  heard  two  such  investigations— that  of 
Brechman  on  industrial  inhalation  anthrax  and 
that  of  Convene  on  coccidioidomycosis  Roth 
held  investigatkrs  were  preceded  by  thorough 


laboratory  studies  of  the  airborne  disease  in  the 
same  specks  of  animal  that  was  later  used  in  the 
Add.  As  e  result,  an  extensive  body  of  knowledge 
was  available  from  laboratory  investigations  on 
doae-responee  relationships,  incubation  period, 
hist  ope  thdogica  and  immunological  alterations, 
etc.,  which  permitted  a  comprehensive  correlation 
and  interpretation  of  the  held  results. 

Tularemia  has  been  a  most  useful  model  of  a 
bacterial  disease  that  may  be  investigated  in  man. 
Studies  reported  in  earlier  publications,  as  well  as 
the  present  conference,  have  presented  a  wealth 
of  information  on  the  swceptibility  of  man  to 
experimental  aiiUxuc  infection,  the  use  of  at¬ 
tenuated  strains  of  FnmciieUa  tmhrtntlt  as  ■  live 
vaccine,  end  the  efficacy  of  vaccines,  prepared  in 
a  variety  of  ways,  in  protecting  the  host  against 
respiratory  tularemia.  Sawyer  has  extended  our 
knowledge  of  this  disease  by  investigating  the 
conditions  under  which  a  bacteriostatic  antibiotic 
(tetracycline)  it  effective  in  its  management.  A 
regimen  has  been  found  which  may  he  employed 
for  prophylactic  or  therapeutic  purposes. 

One  of  the  direct  benefits  of  the  1960  Miemi 
Beach  Conference  was  the  subsequent  initiation 
of  a  cooperative  program  of  research  on  human 
viral  respiratory  diseases  by  the  Nations!  Insti¬ 
tute  of  Allergy  and  Infectious  Dwaatea  and  the 
U  S.  Army  Biological  Laboratories.  This  collabo¬ 
ration  has  provided  an  opportunity  to  apply 
quantitative  and  reproducible  techniques  for  the 
generation,  sampling,  and  characterization  of 
viral  aeroaois  to  the  exposure  of  human  volun¬ 
teers,  and  the  study  of  their  laboratory  and 
clinical  evidences  of  infection  and  illness. 

Gerone  has  commented  on  some  properties  of 
laboratory -generated  viral  aeroaois  used  for 
Inoculation  purposes  and  has  presented  early 
results  in  evaluating  the  output  of  viral  aeroaois 
into  the  environment  of  an  infected  human  host. 

Couch  summarized  the  dose- response  relation¬ 
ships  observed  in  exposure  of  human  volunteers 
to  aerosols  of  coxsackievirus  A-21,  rhinovirus 
NIH  1734,  and  adenovirus  type  4,  and  has  com¬ 
pared  the  results  obtained  with  this  mode  of 
inoculation  with  those  obtained  after  intranasal 
instillation  of  virus.  He  has  provided  evidence  for 
the  production  of  airborne  virus  by  coughs  and 
sneezes  of  the  infected  volunteers  -  probably 
sufficient  contamination  of  the  environment  to 
transmit  infection  to  other  susceptible  individuals. 
In  an  interesting  preview  of  a  Held  study  still  in 
progress,  Couch  has  provided  preliminary  infor¬ 
mation  on  the  transmission  of  coxsackievirus  A-21 
infection  among  men  in  a  controlled  barracks 
environment,  with  evidence  that  the  airborne 
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routapkyad  a  dgniflcant  rote  In  tha  high  level  of 
tfunWoB  obaerved. 

Thaaa  thorough  and  axtanatva  laboratory  and 
ctioteal  studies,  in  which  the  retporaa  of  man  is 
quantitatively  rateted  to  the  doaa  of  vims  inhaled, 
have  provided  a  firm  bass  for  the  deaip^  and  inter¬ 
pretation  of  tha  experimental  epidemiological 
studies,  in  which  the  mode  of  transmission  of  the 
vims  under  natural  circumstances  la  the  main 
focus  of  tha  Investigation. 

It  is  empty  char  that  this  conference  has  served 
a  valuable  ftaxtioo  hi  providing  a  critically  pre¬ 
pared  summary  of  progress  in  our  knowledge  of 
microbial  aeroanls  and  airborne  infection.  At  the 
same  time,  the  conference  and  tha  discussion  it 
has  stimulated  will  unquestionably  influence  the 
course  of  future  investigations  in  these  fields.  The 
phut  for  prompt  publication  of  the  Proceedings 
in  Bactrrtohticat  tonint  it  an  important  mecha- 


niam  for  assuring  the  attainment  of  this  objective. 
Wa  congratulate  all  who  have  contributed  to  the 
success  of  thit  conference. 

LmaMuat  Crm> 

1.  Amuucan  AiaocuTtoN  Km  tki  Aovamimsnt  ur 

ScttNC*.  1942.  Aerobiology  (Publ.  No.  17*. 
American  Association  for  the  Advancement  of 
Science,  Washington,  DC 

2.  Hatch,  T.  F.,  and  P.  M,  Gams.  1964.  Pulmonary 

deposition  and  retention  of  inhaled  aerosols 
Academic  Prat,  Inc ,  New  York. 

J.  Proceedings  of  the  Conference  on  Airborne  Infec¬ 
tion.  1961.  Bacteriol.  Rev  2S:l73-3«2. 

4.  Proceedings  of  the  First  International  Symposium 

on  Aerobiology.  1963.  Naval  Biological  Labora¬ 
tory,  Oakland,  Calif 

5.  Riliy,  R.  L.,  and  F.  O’Gsadv.  1961.  Airborne  in¬ 

fection.  MacMillan  A  Co.,  Nrw  York. 

6  Wnjj,  W.  P.  1933.  Airborne  conus*..*  and  air 
hygiene.  Harvard  Univ.  Pros,  Cambridge. 


599/  wlturt  nrila  m4  MittrfaJs 

f>r  tiM  n»tert^M«|lMl  laboratory 


Of  t.  VORATEO  MCOIA -  Dotttaa  MMil  PH  RMQhft.  Ill  piflftll 
STERILE  PREPARED  MEDIA  -  tuft*.  b©«*»»  **  kltl 
RIMSE  At  iftr  da.  dnwuM  pIMM  AtSi 


why 

B-B-L? 


i !  (  All  l  urn  rtcitE  If  ttnrftl  ft  Rrtcri  Mtilty 
froEactiin  I*  IM  fiMit  mitii  musk.  «t  IM 
'wilt  MfriPtfiU.  aft  ifttt  tM  a*jt  SnunSMt 
mH ispiiri  tyttoft  il (Mtrtlt  hhM  iftrf 
at  B 1 1.  Osin  st  •  1 1  ri(ii  «M,  icftS  kEMfitL 

ll  Kill*  rncatch  libtritorj  itaftit  I)  tiptn 
wcnfcilH'H*  ■<  r*tSy  ft  *itl»  mtk  Attic  «t| 
cvHint  pillwi  aft  iptcitl  tirnaUtiiii  Inf  law 
tr:|injtcd RURf  CMrrrtlf  lift ft(Ei«'  Nil II 
leiRuljtup  it  - secret "  bat  it  EntliifE  m  rt» 
mltritt  it  tcitftci  Miciitilll{ical  titllltttil  mE 
MittwiMl  pahiicium  (ft  ru  Em«  it 
KCKRIIOftCS’)  mi  HMftkli  ft  ttftar :  aft 
KrttuMai Mill  ill  altl  Itftn  cwptftf  Hat 
CIRitlittct  -  immal  kftfti.  iff  aftf*  rtajwU  aft 
Ukuatinr  wnpauil  at  will  at  afta. 

Mir  >  •  l’  Btcaatt  wk»i  |ii  tfKiti  1 11  art  is 
tact  Eraaftnt  a  luaiity  ttaaEarE  tkat  Micititt  Mttt 
SftllttilMl  l«t«H|lllltL 

IS 

II UB0RATMIES  III,,  UlTiNfilE,  IAIYUII,  UJl 


Omtf*  I MM*  0HUMW«0».  •  K,  PQ.  Ml  tin.  CUM,  fiM  tun  Pwmm 

Ml  *«*•  **»!••.  *  •••  E»WH.  IlftE.MI  It *■!  *••*<*  Ml  iliNtlHI.  |>Mt 


I  >1  PI  yu^lil  I 

\  S  S A\  S 


1 f 

VITAMINS  AMINO  ACIDS  ANTIBIOTICS 

Specify 


n  1 1 « „«  > 


intersta  nd a  rdized 

MICROBIOLOGICAL  ASSAY 
MEDIA  and  CULTURES 

SENSITIVE  SPECIFIC  ACCURATE 


» 

ASSAY  MEDIA 


It 

1NOCULA 

MEDIA 


IS 

MAINTENANCE 

MEDIA 


30 

TUT  CULTURES 


New  Technical  Lite  rate  re  cm  Request 


Dll  (  ( ) 

‘  D  i  <  M  ) 


